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FOREWORD 

The  research  described  herein,  which was conducted by the  Allison 
Division of General Motors, was performed  under NASA Contract NAS 3-9404. 
The  work  was  done  under  the  technical  management of Mr. Edward  L. Warren 
and Mr. Stanley M. Nosek,  Airbreathing  Engines  Division  and  Fluid  System 
Components  Division,  respectively,  NASA-Lewis  Research  Center.  The 
report was originally  issued  as  Allison EDR 5315, July 1968. 
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ABSTRACT 

An analytical  and  experimental  program  was  initiated  to  investigate  the  ap- 
plication of boundary  layer  control  concepts  to  highly  loaded  turbine  stator 
blades  in  an  annular  cascade. A plain  blade  was  designed  which forms the 
performance  base  line  for  the  program.  Four  boundary  layer  control  con- 
cepts  were  investigated-vortex  generators,  tangential  jet blowing, tandem 
airfoils,  and  jet  flap.  The  stator  blades  were  designed  to a suction  surface 
diffusion  factor of 0.4.  
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EXPERIMENTAL INVESTIGATION IN AN 
ANNULAR CASCADE SECTOR OF HIGHLY LOADED 

TURBINE  STATOR BLADING 

by J. L. Bettner 
Allison  Division of General  Motors 

SUMhTARY 

This  report  presents  the  design  and  analysis of a six-blade  annular  cas- 
cade of highly  loaded  turbine  stator  blades  incorporating  boundary  layer  con- 
trol  concepts.  The  design  and  analysis of a plain  stator  blade is also  pre-  
sented.  The  plain  blade  design  forms  the  program  base  line of performance 
against which  the  blades with boundary  layer  control  were  evaluated.  The 
stator  blades with  boundary  layer  control ( 1 )  should  not  experience  flow 
separation  and (2 )  should  function  at  the  highly  loaded  level  with  improved 
performance  over  the  plain  blade.  The  boundary  layer  control  concepts 
being  investigated  are  vortex  generators,  tangential  jet  blowing,  tandem air- 
foils,  and  the  jet  flap.  The  mechanical  design,  stress  analysis,  and  instru- 
mentation of the  blade  configurations  and  test r i g  are  also  included, 
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INTRODUCTION 

Increasing  interest  in  developing  lightweight,  highly  loaded  gas  turbine 
engines  confronts  the  designer  with  the  problem of maintaining a high  level 
of engine  performance.  To  maintain a high  level of engine  performance flow 
separation  from  the  blading  surfaces  must  be  prevented. When flow separa-  
tion is experienced  in a blade  passage,  there is a loss  in  available  kinetic 
energy,  mixing  losses  are  increased, and the  desired  change  in  tangential 
momentum of the  gas is not attained.  The  use of boundary  layer  control  de- 
vices is one  method of preventing flow separation  and  applies  to  both  rotor 
and stator  blading.  The  purpose of this  investigation,  therefore, is to  ex- 
amine  four  concepts of boundary  layer  control  and  determine  their  effects on 
highly  loaded  turbine  stator  blading.  The  four  concepts  being  investigated 
a r e  : 

0 Vortex  generators 
0 Tangential  jet  blowing 
0 Jet  flap  blowing 
0 Tandem  airfoils 

A plain  stator  blade  with high suction  surface  diffusion is being  used as 
performance  level  base  line  for  the  program. Two different  vortex  generators 
were  added t,o the  plain  blade  suction  surface  and  tested.  Tangential  jet 
blowing of secondary  air  was  accomplished by using a blade  shape  identical 
to  the  plain  blade  except  for  modifications of the  suction  surface  to  accom- 
modate  the  injection  slot.  Two  axial  positions of the  tangential  injection  slot 
were  investigated. For  each  slot  position,  three  different  slot  heights  cover- 
ing  the  blade  span  were  tested.  The  tandem  airfoil  and  jet-flapped  blade  re- 
quire  entirely  different  airfoil  shapes.  Three  different  jet  widths  were  tested 
at  a constant  jet  efflux  angle. In all  configurations,  the  blades  are  designed 
to  the same  aerodynamic  requirements. 

This  report  covers  the  analysis  and  design  phase of the  overall  program. 
This  includes  aerodynamic  design of the  plain  stator  blade,  the  analysis  and 
design of four  boundary  layer  control  devices,  the  instrumentation  plan,  and 
the  mechanical  design  and  stress  analysis of each  blade  configuration  and  the 
cascade  rig.  The  aerodynamic  performance of the  plain  and  both  vortex 
blade  configurations is presented  in  Volume 2. The  aerodynamic  perfor- 
mance of the  tandem,  jet-flapped, and tangential  jet  blades is presented  in 
Volumes 3, 4, and 5, respectively. 

2 



SYMBOLS 

A 
c v  

C j  

C S  

c x  

C 

D 

DS 

Ds 

d 
F 

F X 

Fy 
g 
H i  
h 
hb 

Cf 
I 
M 

MR 
r i l  

no 
0 

P 

Rc 
R 
r 
S 

area,  in.2 
velocity  coefficient 
jet  momentum  coefficient  defined as ratio of jet   to  free  stream  mo- 
mentum  at  point of jet  injection 
blade  surface  length 
actual  chord,  in. 
axial  chord,  in. 
spacing  or  pitch  between  sets of vortex  generators,  in. 
region of gas  turning  from  throat to trailing  edge 

e)2 
suction  surface  diffusion  parameter, 1 - - w \  

spacing o r  pitch  between  vortex  generators  making up one  set,  in. 
Force 
axial  component of aerodynamic  force on blade, lb 

tangential  component of aerodynamic  force  on  blade,  lb 
acceleration  due  to  gravity,  ft/sec2 
boundary  layer  incompressible  form  factor  defined as 8i/fl i  
vortex  generator o r  plow height,  in. 
injection  slot  height,  in. 
flow coefficient 
blade  height, in. 

Mach  number or jet  momentum,  Ibm/in. 
momentum  ratio 
mass  flow ra te ,   lb / sec  
length of potential  line,  in. 
blade  throat  dimension, in. 
pressure , psia 
radius of curvature,  in. 
gas  constant,  ft-lb  /Ibm-"R 
radius , in. 
surface  length,  in. 

3 



s 

T 

t 
te 
t l  
U 

w 
X 

Y 
Y 

P 
Y 
A 

8 
8 
- 

60 
i 

@‘c r 

(3 

8 
P 

U 

7 

# 

blade  spacing or pitch,  in. 

temperature , OR 
maximum  thickness of blade or vane,  in. 
trailing  edge  radius, in. 
leading  edge  radius, in. 

jet  velocity,  ft  /sec 
gas  velocity,  ft  /sec 

axial  coordinate,  in. 
transverse  jet   stream  coordinate  normal  to  blade  surface,  in. 
tangential  coordinate,  in. 
gas  angle  measured  from  tangential,  degrees 
ratio of specific  heats 
incremental  change of a variable 
boundary  layer  displacement  thickness,  in. 
boundary  layer  thickness,  in. 
ratio of inlet air total  pressure  to  stantlard  sea  level  conditions 

slot angle  relative  to  engine  centerline,  degrees 
jet  deflection,  degrees 
squared  ratio of critical  velocity  at  turbine  inlet to critical  velocity 

at  standard  sea  level  temperature 
boundary  layer  momentum  thickness,  in. 

density of gas,  lb/ft3 
blade  solidity, CT = C,/s 

jet  efflux  angle,  degrees 
gas  angle  measured  from  axial,  degrees 

Subscripts 

0 

1 
2 

3 

4 

a 

c r  
f 
h 

station  at  stator  inlet 
station  at  throat of stator  passage 
station  at  outlet of stator  just  upstream of trailing  edge 
station  immediately  downstream of trailing  edge 
station 2 in. (measured  axially)  downstream of trailing  edge 

actual 
conditions  at Mach number of unity 

force 
hub radius 
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r 

i 

j 
m 
max 

P 
Pte 
S 

ss 
s t  
s te 
T 
t 
te 
U 

V G  
X 

Y 
wo / j  

w l j  

inside of blade  cavity.  incompressible 

jet 
mean  radius  and/or  midchannel;  mass 
maximum 
primary 
primary  airfoil  trailing  edge 
secondary,  location of incipient  separation 
suction  surface 
static  condition 
secondary  airfoil  trailing  edge 
stagnation or total  conditions 
tip  radius 
surface  distance  from  slot  location  to  blade  trailing  edge 
tangential  component 
vortex  generator 
axial 
along  radial  potential  line 
without jet-flap 
with  jet-flap 

Superscripts 

ideal o r  isentropic  condition 
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STATOR AERODYNAMIC  DESIGN 

OVERALL DESIGN SPECIFICATIONS 

The  objective of the  design  phase of the  program  was  to  design a series 
of highly  loaded  turbine  stator  blades  that,  with'the  incorporation of boundary 
layer  control  devices,  has a high  level of performance. 

An annular  cascade  sector of six  turbine  stator  blades  was  designed. 
The  five  passages of the  cascade  were  subtended  by  an  overall  included 
angle of 27. 631". The  blade  tip  diameter w a s  30  in.  and  the  hub-tip  radius 
ratio  was  constant  at 0.7.  The  design  point  characteristics  were  as  fol- 
lows: 

0 Equivalent  weight flow per  passage, : 1.05  lb/sec 

0 Equivalent  change  in  tangential  velocity: 2, Wu/dec, 
0 Hub: 1247.87  ft/sec 
0 Mean: 1027.65  ft/sec 
0 Tip: 873.71  ft  /sec 

Suction  surface  diffusion  factor, Ds:  0.4 

PLAIN  BLADE 

The  plain  blade  was  designed  to  establish a base  line of performance  for 
evaluation of subsequent  blade  configurations;  it w a s  designed  to  experience 
flow separation. It  was  anticipated  that  the  blade  configurations  incorpor- 
ating  boundary  layer  control  devices would demonstrate  marked  performance 
improvements  over  the  plain  blade  design. 

Mechanical and  Aerodynamic  Design 

The  blade  design  procedure w a s  s imi la r  to  that  described  in  reference 1 
except  that  some of the  hand  constructions were analytically  performed  on 
the IBM 7094 computer.  Station  nomenclature  and a flow path  schematic are 
shown  in Figure 1. It  was  assumed  that a total   pressure  drop of 170 from  the 
inlet  to  the  blade  passage  throat  and 370 from  the  throat  to  the  trailing  edge 
would realist ically  describe the stator  in  the  test   r ig  environment.   Free 
vortex flow velocity  diagrams,  immediately  downstream of the  blade  row 
were  constructed  using  the  required  change  in  tangential  velocity  and  the 
assumed 470 drop  in  total   pressure  across  the  blade row.  These  diagrams 
were  calculated  using  Allison  computer  program G64 (which is described  in 
Appendix A) and are shown as station 4 in  Figure 2. Geometry of the  blade 
throat  region  for a straight  back  blade  was  calulated  with  Allison  computer 
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program D50 (which is discussed in Appendix B). This  w a s  accomplished 
by using  the  previously  mentioned  total  pressure  distribution  through  the 
blade  row and consideration of blockage  effects.  Throat  region  velocity 
diagrams  for  the  straight  back  blade  are shown as   s ta t ions 1 and 2 in 
Figure 2. Stations 1 and 2 are  identical   for a straight  back  blade  since 
there  is no  further  turning of the  gas  downstream of the  throat. 

In  the  interest of achieving a heavily  loaded  plain.  blade,  particularly  in 
region  downstream of the  throat, 13 degrees of downstream gas turning 
were  incorporated  in  the  plain  blade  design.  Throat  gas  angles,  with  the 
inclusion of DS turning, a r e  evaluated by the  relation 

DS turning - - ") W/DS turning  design  '"straight  back  blade 2 
and are   l is ted in  Table I for the  plain  blade. 

From  the  definition of the  suction  surface  diffusion  parameter, i. e. ,  

D s = l -  $1 max 

the  maximum  critica.1  velocity  ratio, , for D s  = 0.4, w a s  calcu- 

lat.ed  using f rom Figure 2 and found to  be  1.35, 1. 189,  and  1.082 

for  the  hub,  mean,  and  tip  blade  sections,  respectively. 

A compressible  version of reference 2 provided  design  criteria to de- 
termine  blade  solidity  in  terms of a blade  lift  coefficient.  Several  prelimi- 
nary  designs  were  evaluated  to  investigate  the  effects of blade  solidity  and 
surface  contour  on  blade  loading  distribution.  The  final  design  resulted  in 
a blade  that  was  reasonably  heavily  loaded, had a relatively low level of 
solidity,  and  yet w a s  physically  large  enough to  be adequately  fitted  with  sur- 
face  static  pressure  taps.  Complete  geometrical  and  aerodynamic  design 
results  for  the  plain  blade  are  given  in  Table I. 

Since  the  tangential  jet  blowing  blades  were  developed  from  the  plain 
blade  profile,  jt  was  necessary  to  select a blade  stacking  axis  location  that 
would be  satisfactory for both  the  plain  and  tangential  jet  blades. A stacking 
axis w a s  selected  for  the  plain  blade  that would result  i n  the  tangential  slot 
being a straight  line  (hence, a straight  jet  slot  machining  tool)  with  the  slot 
lip  being of nearly  uniform  thickness. 
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Free-vortex flow  in the  blade  passages  is  generated by contoured  inlet 
guide  walls  leading up to  the  blade  row.  Stacking  the  plain and tangential  jet 
blades  identically  permits  these two blade  configurations  to  use  the  same  set 
of inlet  guide  walls. 

Since  experimental  wake  surveys were to  be  conducted,  it  was  neces- 
sary  to  keep  the  trailing  edge of the  blade  in a plane  normal  to  the  pseudo- 
axis of rotation. An elevation view of the  plain  blade is shown  in  Figure 3 .  

Appendix C describes  the  quasi   three-dimensional  stream  fi lament  cal-  
culation  procedure of Allison  computer  progrkm 187. This  calculation  pro- 
cedure  was  employed  to  analyze  the  blade  suction  and  pressure  surface 
velocity  distributions.  The  critical  velocity  ratio  distributions  for  the hub, 
mean, and tip  sections of the  plain  blade are shown in Figure 4, and  the  cor- 
responding  suction  surface  equivalent  static  pressure  distribution is shown 
in  Figure 5. The  hub,  mean, and tip  blade  contours  are  shown in Figure 
6 .  The  section  coordinates are listed  in  Table 11. Figure 7 i l lustrates 
the  correspondence  between  axial  and  blade  surface Location. 

Boundarv  Laver  Analvsis 

The  effect of the  free  stream  static  pressure  distribution on  the  be- 
havior of the  blade  surface  turbulent  boundary  layer w a s  investigated by 
using  the  calculation  technique of Truckenbrodt  (reference 3 ) .  This  calcu- 
lation  procedure is discussed  in  Appendix D. Detailed  information  on  the 
plain  blade  boundary  layer  behvaior w a s  required  in  the  design of subsequent 
blade  configurations  which  incorporated  boundary  layer  control  devices.  The 
axial  variation of the  computed  boundary  layer  thickness, 8 , and  the  incom- 
pressible  boundary  layer  shape  factor, Hi, a r e  shown in  Figures  8 and 9. 
Incipient  flow  separation  was  assumed to occur when Hi exceeded a value of 
1. 8. Figure 9 shows  that  separation  occurs at axial  distances of 0. 595, 
0.675,  and  0.760  in. for  the hub, mean,  and  tip  sections,  respectively. 
The  calculated hub, mean,.  and  tip  momentum  thicknesses, 8 s, at  incipient 
separation  were  0.00122,  0.00165,  and  0.00197  in.  These  momentum 
thicknesses  correspond  to  boundary  layer  thicknesses  at  separation of 0.010, 
0.0125,  and 0.0145 in.  for  the hub, mean,  and  tip  sections,  respectively. 
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BOUNDARY  LAY El3 CONTROL  DEVICES 

The  compressible,  turbulent  boundary  layer  analysis  on  the  plain  blade 
indicated  that  the  flow would separate  from  the  suction  surface. Four ad- 
ditional  stator  blades  were  designed  incorporating  various  concepts of 
boundary  layer  control  to  prevent  this flow separation.  The  concepts  in- 
vestigated  were  vortex  generators,  tangential  jet blowing, tandem  airfoils, 
and  jet  flap.  Two  kinds of vortex  generators and  two tangential  jet  loca- 
tions  were  investigated. 

VORTEX GENERATORS 

The  existence of a retarding  shear   s t ress   and/or   an  increasing  pressure 
in  the  direction of flow brings  about  the  phenomena of boundary  layer  thick- 
ening  and  possible  subsequent  flow  separation.  Thus, i f  the  flow is to   re -  
main  attached  to a boundary,  then  the  boundary  layer  must be energized by 
some  external  means.  The  objective of the  present  investigation is to  use 
a mixing  process  as  the  mechanism of boundary  layer  reenergization. 

The  potential of the  mixing  process  can be demonstrated by considering 
the  location of separation of both a laminar  and  turbulent  boundary  layer  in 
identical  adverse  pressure  gradients.  The  laminar  boundary  layer wil l  
always  separate  before  the  turbulent  boundary  layer.  It is the  natural mix- 
ing  process of the  turbulent  boundary  layer  that  brings  higher  energy flow 
near  the  bounding  surface;  this  allows  the  turbulent flow to  proceed  further 
into  the  region of rising  pressure  than could a similar  laminar  boundary 
layer.  It is the  purpose of the  vortex  generator  blade  configurations  to  aug- 
ment  the  natural  turbulent  mixing  process by using  vortex  generating  devices 
in  the flow field.  The  vortices shed from these  devices w i l l  promote  mixing 
of the  high energy  free  stream flow with  the  retarded  and low energy  boundary 
layer flow. 

Two types of vortex  generators  were  selected  for  investigation-the two- 
dimensional  co-rotating  vane  and  the  three  -dimensional  counter-rotating  tri- 
angular plow. These  devices  are shown  in  Figure 10. Of the  several  types 
and arrangements of vortex  generators  that  might have been  chosen  for  this 
application,  the  ones  selected  were  chosen  on  the  basis of their  designs 
being  well  documented  and  the  availability of performance  data.  The  selec- 
tion of both  two-  and  three-dimensional  vortex  generators w a s  prompted by 
the  mechanical  scale of the  application.  The  two-dimensional  vane is simple 
to  make  and  finds  application  in the prevention of shock-induced  flow  separa- 
tion in  regions of high  free  stream  Mach  number. In  view of the  small   size 
that  the  generator  must  assume  for  the  present  application,  it  could  degener- 
ate  from a two-dimensional  thin  vane  to a three-dimensional  rectangular 
block.  Therefore,  the  triangular plow was chosen  since  it   seemed  advisable 
to  also  investigate a truly  three-dimensional  vortex  generator.  Both  vortex 
generator  eonfigurations  will be machined  from a brass  str ip  which wi l l  be 
laid  in a shallow  groove  machined  on  the  plain  blade  suction  surface. 
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Two-Dimensional  Co-Rotating Vane Vortex  Generator 

Lachmann  (reference 4) has  summarized a portion of the  work  on 
boundary  layer  control  techniques  performed  at  the  National  Physical  Lab- 
oratol-y (NPL) .  In that  work  several  modes of boundary  layer  control.  (in- 
cluding  vortex  generators)  were  investigated  on  one-half of a symmetrical  
airfoil with thickness-to-chord  (t/C)  ratios of 12  and 16%. Making  the as- 
sumption  that  the  suction  surface  length  approximates  the  chord of a sym- 
metrical   airfoil   results in t /C  ratios of 17.35, 16.0, and  15.3 70 for the hub, 
mean,  and  tip  sections,  respectively,  for  the  plain  blade.  Placing  the  gen- 
erators   a t  3 0 %  of the  surface  length (as was done in the N P L  investigations) 
results  in  the  conditions  given in  Table 111. A vane  height of 0. 015 in.  (ap- 
proximately 170 of the  axial  chord)  was  selected  for  this  application.  Ideally 
the  generator  height  should  penetrate  slightly  through  the  boundary  layer. 
This  gives  the  generator  sufficient  height  to  effect  the  necessary  mixing 
while a t  the same  time  keeps  the  viscous  drag  penalty to a minimum. It 
can be seen  from  Figure 8 that i f  the  vanes  were  positioned  at 3070 of the 
surface  length,  then  the vane  height  should be about 0. 010 in.  The  mini- 
mum vane  thickness  that  can be tolerated  from a mechanical viewpoint is 
0. 005 in.  Thus, if  the  vane  height  were 0 .010  i n . ,  the  vane would degener- 
ate  from a two-dimensional  vane  to a three-dimensional bl.ock with a height 
equal  to  twice  its  width.  Therefore, €or the  vane  to  be a two-dimensional 
body, i t  w a s  necessary  to  select a vane  height  that  was  larger  than  the 
boundary  layer  thickness.  The vane  height of 0 .015  in. w a s  selected  as  being 
a satisfactory  compromise  between  the  mechanical  and  aerodynamic  con- 
straints of the  application. 

Schubauer  and  Spangenberg  (reference 5) have  investigated  the  effects of 
delaying  separation by placing  various k i n d s  of vortex  generat0t.s  various 
distances  from  the  observed point of uncontrolled sepal’ation.  They  also 
examined  the  effects of the  shape of the  pressure  profile o n  preventing  sepa- 
ration.  These  results  are shown in  Figure 11 and  listed in Table IV. For 
the  generators  investigated,  Table IV indicates  that  the  ratio of distance  to 
the  point of separation  to  vane  height,  X/h,  should be  in  the  range of 3 to 15 
in. to be the  most  effective  in  delaying  separation. A s  given  in  Table III- 
i.e.,   generators  placed  at 0.300 Cs-it  can  be  seen  that for h = 0.015 in., 
X/h  = 9 .  72, 8. 65, and 10. 86 for  the hub, mean, and tip  sections,  respective- 
ly. These  values of the  distance  parameter  are  probably  large  enough  to 
ensure  mixing;  however,  it is important not  to locate  the  vortex  generators 
on  the  surface  where  the  free  stream  Mach  number  indicates  that  shock 
waves  might be formed on the  generator.  Table I11 indicates a Mach  num- 
ber  level  at 0 . 3 0  C s  in  excess of 1.0-i. e.,  shock  waves  with  subsequent 
shock  losses  could be present  on  the  generators  at  this  location. To c i r -  
cumvent a potential  shock loss problem, a hub, mean,  and  tip  axial  dis- 
tance of 0 . 2 2  in. was  selected  for  the  location of the  co-rotating  vortex  gen- 
erators.  Table V depicts  the  parameters  describing  this  location of the 
vortex  generators.  The  co-rotating  vortex  generators  are  shown  in  their 
respective hub, mean,  and  tip  positions  in  Figures 12 a.nd 13. 
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Three-Dimensional  Counter-rotating  Triangular  Plow  Vortex  Generator 

The  triangular plow generator  configuration is of rugged  construction 
and  should be readily  adaptable  to high temperature,   corrosive  or  centri-  
fugal  field  applications.  Because  the plow is truly a three-dimensional body, 
it  avoids  the  performance  variation of a two-dimensional body degenerating 
to a three-dimensional body. 

Examination of the  Schlieren  photographs  in  reference 4 indicates  that 
the  co-rotating  generator  may  have  better  performance  than  the  counter-ro- 
tating  generator  at  transonic  and  higher  Mach  numbers. Also, the  results 
of reference 5 and  Figure  11  show  that  at  lower  Mach  numbers,  the  perfor- 
mance of the  triangular plow is comparable to  that of the  co-rotating  vane. 

Of the  three  plows-El, E2,  and  E3-discussed  in  reference 5, it  can 
be  shown  that plow E l  has  the  greatest  influence on reenergizing  the  bound- 
ary  layer   a t  the least  expense. It is felt  that  this  was  because  plows E2 and 
E3 were  spaced  much  too close together. If counter-rotating  vortex  gener- 
a tors  do not have  sufficient  spacing  between  them,  the  shed  vortices  damp 
one  another  out  before  they  can  significantly  reenergize  the  boundary  layer. 
Lf D is the  pitch of a row of triangular  plows  and h is t.he plow height,  plows 
E l ,  E2,  and E3 had values of the parameter D / h  of 8, 4 and 2,  respectively. 

It is recommended  that  sufficient plow spacing  requires  at  least a D / h  
value of 8. The  dimensions  for  the plow recommended  for  the  present  ap- 
plication a r e  shown  in  Figure 14. 

The  considerations of required  vortex  mixing  length,  shock  losses, 
etc,  apply  to  the  triangular plow in the  same  manner  as  they did to  the co- 
rotating  vane.  Hence,  the  three-dimensional  triangular plow generators 
were  placed  at  the  same  axial  position  on  the  blade  suction  surface  as  the 
co-rotating  two-dimensional vanes-XVG = 0 .22  in. 

A generator  height of 0.  020 in.  was  selected  for  the plow. Reference 5 
indicates  that  the  height of the plow should  be  somewhat  larger  than  that  for 
a vane for comparable  range  and  strength. At XVG = 0.22  in. , this  height 
gives h / 6  values of 8. 86, 4. 0, and 4.  0, respectively,  for  the hub, mean, 
and  tip  sections.  The  resulting  design  parameters  are  listed in  Table VI. 
The  triangular plow generators  are  shown  on  the  blade  surface  in  Figures 
15 and 16. 

TANGENTIAL JET BLOWING BLADES 

The  cascade  plain  blade w a s  modified  to  incorporate a tangential blow- 
ing  jet to energize  the  boundary  layer  and  thereby  prevent flow separation. 
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Fluid  flow  parameters  were  calculated  for  three  jet  slot  heights  and two s lot  
locations on the  blade  suction  surface  using  isentropic flow equations.  The 
choice of slot  heights  and  locations  was  based  largely  on  the  results of ex- 
perimental  studies. 

The  equations  used  in  determining  the  fluid flow parameters  for  the 
tangential  jet  were  programmed  for  the IBM 1130 computer so  that a num- 
ber of variables  could be investigated.  Curves were constructed  from 
these  equations  for  the  stator hub, mean, and  tip  sections  for  the two slot 
locations.  The  boundary  layer  data  calculated  for  the  plain  blade  configura- 
tion  were  used  in  determining  the €low requirements of the  tangential  jet. 
For a particular  value of boundary  layer  momentum  thickness, 0 , and free 
s t r eam Mach  number,  there  exists  various  combinations of jet  slot  heights 
and jet   supply  core  pressures.  These parameters  will  yield  various  jet 
mass  flows  and  velocities  and, i f  inject.ed  into  the proper  blade  surface lo- 
cation,  will  prevent flow separation.  Tables VI1 through X give  the  slot 
parameters  for  the two slot  locations.  Three  slot  heights of 0.020, 0 .030 ,  
and 0.  040 in. w e r e  chosen as being  most  likely  to  provide  the  best  match of 
jet  core  supply  pressure  and  jet  mass flow for  the two locations. To a r r ive  
at  a unique  supply  pressure  for  each  slot, a jet  excess  momentum  ratio of 
2 . 5  was  assigned  to  the  stator  mean  section. V a l u e s  of supply  total  pres- 
sure  to  main  stream  total   pressure  ratios  ranged  from 1 . 7 1  to 1. 18 for all 
slot  configurations. The jet  to  main  stream  velocity  ratios  ranged  from 
1.246 to  1.054.  The  percentage of jet   mass flow ra t e  to  main  stream  flow 
rate  ranged  from 2. 590 to 6. 2070. 

Several  investigations  have  been  made  to  determine  methods  for  pre- 
venting  flow  separation by injection  to  reenergize  the  boundary  layer.  Peake 
reviews  several.  investigations in  reference 6 ;  these  investigations  involved 
injecting a fluid  tangentially  into  the  boundary  layer.  Peake  mentioned  the 
results of transonic  speed  tests  performed a t  the  National  Physical  Labora- 
tory  which  showed tha.t injection  into  the  separated  region  caused by a shock- 
induccd  adverse  pressure  gradient produced a large  effect  on  separation 
with  small  quantities of a i r .  Other. investigators found favorable  results by 
injecting  air   upstream of the point. of incipient  separation  using  different 
magnitudes of airflow  rate  to overcome various  magnitudes of pressure  
gradients.  Peak's  conclusions, based on his  experimental  investigation are 
as follows. 

0 The  optimum  position for injection  appears  to  he  about  six  original 
boundry  layer  thicknesses  upstream of the  point of incipient  separa- 
tion. 
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0 Boundary  layer  control  can be maintained up to static  pressure  ratios,  
P2/P1, of 3 . 0  provided  the  jet  excess  momentum is nearly  equal to the 
momentum  deficiency of the  original  boundary  layer. ( P 2  is the  static 
pressure  measured  at  a location  downstream of the  point  where PI  is 
measured. ) 

0 The  total  pressu.re  in  the wake from  the  original  boundary  layer  must 
be greater  than  the  local  value of static  pressure.   The  decrease  in  the 
jet  peak  total  pressure  must  not  be so severe  that  the new wall  boundary 
layer is in  danger of separating. 

for  small   adverse  pressure  gradients,  i. e. , the  momentum  deficiency 
in  the unblown, separating wall  boundary  layer  equals  the  momentum 
excess in  the  jet, i. e . ,  

0 The flow quantities  closely  satisfy  the  momentum  balance  equation 

2 
P s s  Wss Os= P . U .  hb (uj - Wss) J J  

0 The  jet  to  mainstream  velocity  rations, u j /WssJ  were  between 1. 1 and 
1. 2 for control. 

Peake  also  stated  the  following  conclusions of Stradford  (reference 7) 
with  regard to his  work  on  boundary  layer  control  over  airfoil  shapes. T w o  
and  one-half times  the  ideal  quantity of jet  excess  momentum  must be supplied 
to  negotiate  large  adverse  pressure  gradients. By defining  momentum  ratio, 
MR, a s  the  excess  momenturn  in  the  jet  divided by the  momentum  deficiency 
in  the mainstream  boundary  layer, 

Figure 17  shows a correlation of adverse-? static  pressure  ratio with core  
to  main  stream  total  pressure  ratio  required  to  negotiate  the  adverse  pressure 
ratio  as  interpreted from Peake's  data.  (One injection slot was  used  in 
Peake's  experiments.  1 A l s o  shown are  the  magnitudes of adverse  pressure 
ratio  existing  on  the  cascade  plain  blade.  The  curve  indicates  that a core  to 
mainstream  total  pressure  rati.0 of approximately 1.3 is required  to  negotiate 
the  maximum  adverse  pressure  ratio  existing  at  the hub section. 

McGahan's  investigations,  reference 8, disclosed  several  items of 
interest. 

Injection  into or  too  close  to  the  normal  separation  region wi l l  often 
cause  midstream  stagnation to occur  with a subsequent loss of  jet 
effectiveness. 

as the  slot  size  increases up to  some  optimum  slot  size  which  has not 
yet  been  established. 

0 The  jet  energy  required to reach a given separation  velocity  decreases 

13 



0 The  internal  design of the  slot is critical  due  to  the  formation of vor- 
tices  which  cause a more  rapid  decay of the  jet  velocity  and  enhance 
w a l l  separation. 

Based  primarily  on  the  conclusions of Peake,  Stradford,  and  McGahan, 
the  following  design  criteria were established for the  tangential  jet slot. 

0 The  ratio u j /Wss should fall in  the  range  from 1.1 to 1 . 2 .  
0 The  jet  excess  momentum  ratio, MR, should  be  approximately 2. 5 

to  negotiate a large  adverse  pressure  gradient  with  one  injection  slot. 
0 The  optimum  location of the  slot is approximately six initial  boundary 

layer  thicknesses  upstream of the  point of incipient  separation  using 
Truckenbrodt's  incompressible  shape  factor of 1, 8. 

Introduction 

The  previously  stated  design  criteria,  together  with  the  working  curves 
in Appendix E, were used  in  choosing  slot  dimensions  and  locations  for  the 
basic  stator  blade.  This  provided  the  design  information  for  the  investiga- 
tion of boundary  layer  control by tangential  fluid  injection.  The  slot w a s  
fabricated  using a straight,  constant  width  elox  tool.  The  three  slot  heights 
chosen  for  the  investigation-0,020, 0.030, and 0. 040 in. - represent  the  best 
from  mechanical  and  aerodynamic  considerations. 

T w o  slot  locations  were  investigated. One was  chosen  at  the  optimum 
location  given  by  Peake;  the  other  location was  arbitrarily  chosen  between 
the  optimum  location  and  the  blade  passage  throat.  It w a s  felt  that  the 
second  location would provide  more  useful  information if it   were  located a 
significant  distance  from  the  first  slot. If separation  occurs as calculated, 
the  second slot will be injecting  fluid  into  the  separated  region. Figures 4 
through 9 show  plots of the  boundary  layer  and flow data  €or  the  plain  stator 
blade.  The  data  from  these  curves  provided  the  basic  information  used  in  the 
tangential  jet  analysis. 

F i r s t  Slot  Location 

The  f irst   slot   location,  based  on  Peake's  cri teria of 6 s upstream of 
the  point of incipient  separation, w a s  found  to  be: 

Hub Mean  Tip - - - 
First   slot   location (axial coor- 

dinate  measured  from  the 
leading  edge) 0. 540 in. 0. 610 in. 0. 690 in. 

The  hub,  mean,  and  tip  slot  locations  lie  very  nearly  on a straight  line. 



r 

Following  the  recommendations of Peake, a momentum  ratio, ME, of 
2. 5 w a s  selected  for  the  mean  section.  This  excess  momentum  in  conjunc- 
tion  with  available  total  pressure  ratios  should  provide  the  necessary 
boundary  layer  control  all  the way to  the  blade  trailing  edge  with  only  one 
tangential  slot.  Table VI1 summarizes  the  design  parameters  selected  for 
the  first  slot  location. The momentum  ratio  varies  slightly  from  the hub 
to  the  tip  sections  for  the  three  slot  heights. Also, the  jet  to  main  stream 
velocity  ratios-are  in  the  region  recommended by Peake.  Table VI11 gives 
the  values of as, BS, X, S, and Wss /Wcr used  in  the  calculation of the  jet 
flow parameters.   Figures 18, 19, and 20  are   plots  of the  flow parameters 
(slot  to  main  stream  total  pressure  ratio  and  mass flow ratio) €or the 0. 020-,  
0. 030-, and 0. 040-in.  slots.  Figure 2 1  shows  the  jet to main  stream  velo- 
city  ratio as a function of total  pressure  ratio  for  the hub, mean,  and  tip 
sections  applicable to all  slot  heights.  Working  curves  used  in  plotting 
Figures 18, 19, 2’0, and 21 are  presented  in  Figures 77, 78, and 79. 

Second  Slot  Location 

The  first  slot  was  located  near  the hub, mean,  and  tip  positions of max- 
imum  velocity.  Therefore,  at a positior!  upstream of the  first  slot  location, 
the flow on  the  suction  surface  will be accelerating  in a favorable  pressure 
gradient. If the  second  slot  were  located  upstream of the  first  slot, a portion 
of the jet  momentum would be  extracted by the w a l l  viscous  forces  in  the 
region of decreasing  pressure  even  before  the  jet  proceeded  to  the  beginning 
of the  pressure  r ise.   Just  how much  momentum would be extracted is diffi- 
cult   to  assess and there  appears  to be very  little  experimental  data  available 
on  the  subject. It was  felt,  therefore,  that  the  second  slot  should be located 
between  the  first  slot and  the  blade  throat. An axial  distance of 0 .  90 in. from 
the  leading  edge  was  selected for  the mean section  slot  location.  This  placed 
the  first and  second  slots a significant  distance  apart.  The  mean  section un- 
separated flow pressure  gradient  was  calculated  (using  Figure 5) and  was 

found  to  be = 1. 07 psi/ in.  By assuming  that  this  unseparated  pres- 

sure  gradient is constant  from  hub to tip  and  using  the  data of Figures 5 and 
7, the  hub  and  tip  section  slot  positions  were  located.  The  axial  location of 
the  second  slot w a s  found to be: 

APstlaO 

A S  

Hub Mean  Tip - 
Second  slot  location,  axial x 0.  7 9 5  in. 0. 900 in. 1. 010 in. 

These  points  lie very nearly on a straight  line. 

Table IX summarizes  the  design  parameters  selected  for  the  second 
slot. location  and  Table X gives  the  values  of as, X, S, Wss/Wcr, and 
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used  in  the  calculation of the jet flow parameters.  The  value of 

A S  
0, used  in  the  calculation was the  value  existing  at  the  point of incipient  sepa- 

ration  since  any  value  downstream of that  point is incalculable. It w a s  as- 
sumed,  however,  that  the  velocity  distributions 'of Figure 4 were  still   valid. 
From  the  standpoint of interpretation of experimental  results,  it  was felt 
advisable  to  keep  the slot heights  the  same  for  the two slot  locations.  This 
would eliminate  any  effects of slot  geometry when assessing t.he mer i t s  of 
one  slot  position  against  the  other.  Further,  it was also recommended  that 
the  momentum  ratio of 2 .  5 be  chosen  for  the  mean  section,  as  was  the  case 
for the  first  slot  position,  even though  the pressure  gradient  appears  to be 
less  severe.  If the  flow  does not separate,  then  the  pressure  gradient  for 
the  second  slot w i l l  be less  than  that  for  the  first slot. However, i f  separa-  
tion  does  occur, as  Truckenbrodt's  method  predicts  it   will,   then  the  degree 
of adverse  pressure  gradient  or  pressure  recovery  required  for  the  second 
slot  location  could  be  nearly  equivalent  to  that  required  for  the  first  slot lo- 
cation.  Thus,  it is felt  that MR should  remain  at 2.  5. 

Figures 22, 23,  24, and 25 were  obtained  from  the  working  curves of 
Figures 80, 81, and 82 and are  plots of the flow parameters  for  the  selected 
slot  heights of 0.020, 0. 030, and 0. 040 in. An elevation view of the tan- 
gential  jet  blade  profile is shown  in  Figure 26  which illustrates  the  relative 
axial  positions of the two tangential  jets. 

Suction  Surface  Geometry  Downstream of Slot 

To  maintain  the  desired  main  stream  velocity  distribution  downstream of the 
slot,  the  suction  surface o f  t h e  blatle m a s  "thinned out"  to  accommodate  the 
additional  mass flow rate  from the jet. The  procedure  for  the  surface  con- 
tour  adjustment was determined bascd on the transverse  growth of the  jet 
s t ream as  it  t.raveled from the  injection  slot to the  trailing  edge. An analysis 
was  made by assuming  that no mixing of the jet  stream  and  the  main  stream 
would take  place  and  that  the jet u~ould  retain its j e t  identity  for  the  entire 
distance to  the  trailing t>dge. 

By using  the  continuity  equation, togett.her. with.a  correlation of jet 
velocity  decay  given by McGahan. (reference 8), the transverse  jet  growth 
was obtained as follows. 

mS 
. 

Y =  
( P j  Ua)X/B 

where 
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( ' j)X/B = 

(ua)X / B 

x - x  Po 

'j P O  

and was obtained  from  reference 8. 
ua 

The results of these  calculations  for  the two slot  locations  are  given  in 
Table XI. 

Core  Geometry 

Figure 27  illustrates  scaled  sections  showing  the  exterior  and  interior 
blade  contours  for  the hub, mean,  and  tip  for  slot  location 1 .  Figure 28 
shows  similar  data  for  slot  location 2. 

The  interior of the  blade  was  fixed by mechanical  and  fabrication re- 
quirements. A wall  thickness of 0. 050 in.  (nominal)  and a slot  lip  thickness 
of 0. 020  in.  (nominal)  were  used  in  the  dcsign.  Radial  average  velocity 
calculations  were  made  for  the  core of each  blade  at  the hub section;  these 
data  are given  in Table XII. 

The  core  radial  velocities  should be  kept a s  low as  possible  to  allow 
for  the  energy loss associated  with  turning a high  velocity  gas  from a radial 
to a tangential  direction.  The hub section  radial  velocities f o r  the two slot 
locations a r e  high, but it is felt  that  this is merely  indicative of the  severe 
secondary flow requirements when attempting to prevent flow separation  in 
a very low solidity,  highly  loaded  blade. 

JET-FLAPPED BLADE 

A jet-flapped  blade  employs a high  velocity  jet  stream  which  emanates 
from the  blade  trailing  edge  lower  surface to  yield  the  following  aerodyna- 
m ic 

0 

0 

improvements. 

The  interaction  and  exchange of momentum  between  the  jet  and  main- 
stream  effect a deflection of the  mainstream flow from its undisturbed 
position. 
The  static  pressure  and  velocity  distributions  in  the  boundary  layer  on 
the  blade  surface  are  altered  to  such a degree  by  the  jet  that flow sepa- 
ration  may be prevented.  Thus, a blade  incorporating a jet  flap  design 
should  provide  greater w o r k  capacity  than  conventional  airfoils. 

The  basic  design  criterion of the  jet-flapped  blade was  that it exhibit I 

the  same  entrance  velocity  triangles  and  maximum  suction  surface  velocity 
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a s  the  plain  blade  configuration.  The  downstream  velocity  triangles  are 
different  because of the  addition of secondary  flow.  The  jet  stream is ob- 
tained  through a constant  width  slot  covering  the  entire  radial  span of the 
blade.  The  slot wi l l  be  fed  from a cavity  within  the  blade  which  receives air 
from  an  external  source. 

The  required  gas  turning  or  change  in  tangential  momentum w a s  deter-  
mined by the  plain  blade  configuration.  Thus,  the  blade  design w a s  based  on 
distributing  the  required  turning  between  the  blade  and  the  jet, By relieving 
the  blade of a portion of the  turning,  the  blade  can  be  designed  such  that  -it 
will  satisfy  the  turning  and  diffusion  requirements  and  still  exhibit no flow 
separation.  The  detailed  procedure  used  in  the  design  is  described in  the 
following  paragraphs. 

Blade  Chord  Determination 

Since  the  blade w a s  unloaded by the  presence of the  jet,  it w a s  necessary 
to  reduce  the  chord so  that a Local loading  approximately  equivalent  to  that 
for  the  plain  blade would be  maintained. A chord  reduction of about 10% was 
considered to  be  sufficient.  This  reduction  (maintaining a leading  edge  slope 
equal  to  that  for  the plain blade)  resulted  in the following  chords: 

Hub Mean  Tip - - 
c* 1.2285 in. 1 .4555  in. 1. 6835 in. 

This  reduction  in  chord  produced a jet-flapped blacle solidity  that  was  less 
than  that  for  the  plain  blade, but still  maintained a blade  that  was  physically 
large enough  to be adequately  instrumented.  For  the  jet-flapped  blade  de- 
sign of reference l, a 13.670 reduction  in  chord w a s  used  in  conjunction  with 
a 1070 reduction  in  blade  work.  Therefore,  the 1 0 %  chord  reduction  for  the 
present  investigation  precipitated a reduction in the  change of tangential  mo- 
mentum  across  the  blade of between 6 and 770 less  than  that  for  the  plain 
blade. 

Mean  Section Map of Jet  Flow  Conditions 

The  set of equations  given  in  Appendix F was  used  to  generate the data 
in  Figure 2 9  which  shows  jet  momentum a s  a function of slot  width  and  total- 
to-static  pressure  ratio  across  the  slot.  Lines of constant  jet  mass flow 
ra te   a re   a l so  shown  and are   expressed  as  a percentage of main  stream flow. 
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Selection of slot  width  was  almost  arbitrary  since a certain  jet  momentum 
applies  for a variety of pressure  ratios  and  jet   mass flow rates.  However, 
for  the  subject  design, a maximum  permissible  source  pressure  for  the 
jet  was  fixed  at  twice  the  inlet  total  pressure  as  follows: 

pT. - = 2 9 . 4  psia 
8 0  

For the  specified flow  conditions at the  mean  section  downstream, 

P s t  . 

8 0  
= 10.4  psia 

Hence, 

To prevent  the  secondary  boundary flow from  choking  inside  the  blade 
passage,  the width of the  passage w a s  made to  be equal to or  greater  than 
the  slot  width.  The  trailing  edge  diameter  and  minimum w a l l  thickness 
were  chosen to be 0. 100 in.  and 0. 030 in.,  respectively.  This  resulted  in 
the  maximum  slot  width (0. 040 in. ) that  could  be  tolerated. 

With reference to Figure 29, a ra t io   PTi/PStj  = 1. 5 was  chosen to 

represent the  lowest  pressure  ratio w h e r e  the  jet would be  effective.  The 

intersection of- = 1. 5 and hb = 0. 040 in.  defined a jet  momentum of 0.31 
Prr 

ps tj 
lbf/in. and  the u;3per bound of  the  region of operation. For considerations of 
experimentally  evaluating  the  jet  size,  it  was  desirable  to  keep  the  jet  mo- 
mentum  constant, i. e . ,  M = 0.31  Ibf/in.  The  intersection of the  line M = 0.31 
and  the  maximum  pressure  ratio,(PT./Pst.),  = 2.83  established  the  lower 

bound of the  region  of  operation.  This  established  the  smallest  slot  to  be 
0.0217  in.  The  optimum  design  was  chosen  between  these two extreme 
bounds.  The  optimum  slot  design  data  are as follows: 

1 J 

0 Slot A 

M = 0.31 lbf/in. 
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* 
m.  

-= 4.470 J 

mP 
hb = 0.03 1 in. 

It was  required to investigate two additional  slot  widths-one  larger  and 
one  smaller  than  the  one  selected  for  the  design  condition  and  both  with 
the  same  jet  momentum.  The  values  for  these  additional  slots  are  as 
follows : 

0 Slot B 

hb = 0. 0217 in. 
l?TiIPst. = 2.83 
M = 0 .31  lbf/in. 
&.I& 3. 570 

J P  

0 Slot c 
hb = 0. 040 in. 
PTi/PSt. = 1 . 5  

J 
M = 0.31  lbf/in.  

mj /mp  = 5.370 
= .  

Velocity  Triangles 

Figure 30 shows  the  blade  nomenclature  used  in  the  blade  analysis.  The  inlet 
velocity  triangles w e r e  the same for a l l  blade  configurations  and a r e  shown  in 
Figure 2. 

The  downstream  velocity  triangles  for  the  jet-flapped  blade  with 4.470 secon- 
dary flow were  obtained by solving  the  equations of continuity of mass  flow 
considering  the  addition of 1-113s~ flow caused by the  jet  stream.  The down- 
stream  tangential  component of velocity w a s  held  equal  to  that of the  plain 
blade.  The  resulting  downstream  velocity  triangles  are  shown  in  Figure 3 1. 
The  effect of a variation of percent  jet flow to  mainstream flow on  the  down- 
s t r eam gas angle w a s  found to be only  slight a s  shown i n  Figure 3 2 .  

Jet  Deflection  Characteristics 

The  downstream  angle of deflection,@ , was  obtained by first  extrapolating 
the  cascade  turning  angle  results of Clark  and  Ordway  (reference 9) to  zero 
angle of attack.  These  results  were  plotted  against  the  jet  momentum 
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coefficient, Cj, and  are  shown a s  the  lower  curve  on  Figure 33.  Secondly, 
the  cascade  results of Kruger,  March,  and  Horlock  (reference 10) showed 
that  the  downstream  angle of deflection  varied  approximately  linearly  with 
jet  efflux  angle, T . On this  basis,  and  with the experimental  results of 
Lachmann  (reference 11) which  provided  the  upper  curve  on  Figure  33,  an 
interpolation  was  made  to  provide  deflection  curves  for 7 = 30, 45, 60, 
and 75  degrees.  The  cascades  from  which  the  experimental  data  were 
taken  (references 9, 10, and 11) had solidities, u , of approximately  unity. 
Therefore,  the  use of Figure 33 should  be restricted  to  applications  where 
u is about  unity. 

Simultaneous  Solution of Passage  Throat  and  Downstream  Conditions 
______.. .. ~ ~~ 

The  mean  section  velocity  triangle of the  throat  midchannel  shown in 
Figure 34 was partially  determined by removing 6% of the  total  tangential 
velocity  component  required.  This  method of unloading  the  jet-flapped 
blade Lvas based on the  assumption  that  with  the  jet  on,  total.  turning  will be 
distr.ibuterl  between the blade  and  the  jet  to  obtain  the  downstream  velocity 
triangles  shown in Figure 3 1. The design  problem  was  that of satisfying  the 
throat, jet.,  and downstream  ael'odynamic  conditions  simultaneously. To 
satisfy  these  acrodynamic  conditions  simultaneously, the  following two se ts  
of equations  must he satisfied: 

Set 1 

wml = ~,,~/sinrCI 1 

c .  = P .  u hb/1/2 P I  w,,12 0 J J a  

0 Set 2 

0 2  = f(Cj,')  (obtained  from  Figure  33) 

For  an  assumed  value of jet  efflux  angle, 7 , and  throat  dimension, 0,  a unique 
solution  exists (01 :  8 2 ) for a particular  value of $1  such  that  the  jet  deflec- 
tion  characteristics  described  empirically by 8 2  = f(Cj, 7 )  in  Figure 33 a r e  
satisfied. The simultaneous  solutions of 8 1  and @ 2 are  obtained  as  shown 
graphically  in  Figure  35.  The  solution  provides  the  midchannel  throat  con- 
ditions  for  the  mean  section.  The hub  and  tip  section  midchannel  throat  con- 
ditions  are  determined  as  follows. 

1. Because of manufacturing  limitations,  the  slot  width  must  be  cut  at 
a constant  angle  with  respect  to  blade  length, C , measured  from  the 
tangential  direction. 
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2. For the  most  effective  interaction of jet  and  mainstream  momentum, 
the  angle of jet  efflux at the  tip  section  must  be 90 degrees. When 
all  of the  conditions  mentioned  previously  have  been  satisfied  and 
the  midchannel  throat  velocities  determined,  the  continuity of mass  
and  simple  radial  equilibrium  are  checked. If they a r e  not satisfied, 
then new assumptions of T and o are  made.  These  calculations 
are  repeated  until  continuity of mass and  simple  radial  equili- 
brium  are  satisfied.  The  final  resu1.t~ of the  calculation  procedure 
for t.he jet-flapped  blade  design a r e   a s  follows: 

0 Mean  section  midchannel  throat 
Angle of jet  efflux, T = 84. 7" 
Throat  dimension, o = 0. 736 in. 
Jet  momentum  coefficient, C .  = 0. 141 
Midchannel  throat  velocity, dlml = 779 ft /sec  (from  Figure 35) 
Deflection  angle, 6 = 9. 2" 

Then , 
0 = + 4  -91 
$1 = + 4  - 8 
$4 = 48.54"  (Figure 31) 
'I' 1 = 48.54" - 0  = 39.34" 
5 = [go - ( (90 - $ 1) + (90 -.>}] 
For  7 =  84. 7", $' 1 = 39.34",  and = 34.04" 

0 Tip  section  midchannel  throat 
Since 6 = 34.04"  (constant  radially)  and 7 = 90" - - 6 ) .  
$ 1  = + 4  - 8  

# 4 = 43. 89" (Figure 31) 

r = 80.15" + 0 
= 90" - (43.89" - 5 )  . + @  

Simultaneous  solution of the  equation 7 = 80.15" + 0 with 
Figure 3 3  gives C .  = 0.128 for T = 90"  and 0 = 9.8". The  con- 
dition of T = 90°a!  the  tip  section is satisfied.  Construction of 
Figure 36  made  it  convenient  to  obtain  values of Cj   for   cer ta in  
values of Wml at the  hub  and  tip sections  during  the  iteration 
procedure.  The  throat  dimension  used  for  generating  Figure  35 
w a s  obtained by assuming a radial  distribution of throat  dimen- 
sion to blade  spacing  ratio  equal  to  that of the  plain  blade a s  
shown  in  Figure 37. From  Figure 3 5, 
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0 Hub section  midchannel  throat 

The  calculation  technique  employed  at  the  tip  section  was ap- 
plied  at  the hub, i. e . ,  

Since 5 = 34.04" 
7 = 70.08" + @  

The  simultaneous  solution of the  equation 7 = 70.08" + 8 with 
Figure 33 yielded 

C j  = 0.156 
= 80.0" 

0 = 8.8" 

Hence, 9 = $4 - 0 = 53.06" - 8.8" = 45.16". 

From  Figure 36,  W = 852 f t /sec.  
m l  

0 Now using  the  calculatcd hub, mean,  and  tip  midchannel  velo- 
cities  and  throat  gas  angles,  the  conditions of radial  equilibrium 
and  continuity were checked.  These  results  are  given  in  Table 
XIII. The  error  betwcen  the  calculated  and  required  quantities 
was  less than IYo .  

Table XIV is a complete  list of the  final  calculated  quantities. 

Development of Blade  Sections 

The  development of blade  surfaces  consisted of spline-curve-fi.tting  the 
hub,  mean,  and  tip  sections  using (1) the  throat  dimensions  and  angles  from 
Table XIV, (2)  the  required  inlet  gas  angles,  and  (3)  the  curvatures  estimated 
from  the  data of Hubbert  and  MacGregor  (reference 12). The flow passages 
at  the hub, mean,  and  tip  sections  within  the  confines of covered  turning 
(from  about  the  pressure  surface  tangency  point  to  the  throat)  were  divided 
into  segments bounded  by  flow orthogonals.  The flow within  the  bounded 
region w a s  analyzed  using  the  compressible,  quasi  three-dimensional  com- 
puter  program 187. The  suction  surface  coordinates  were  obtained by solving 
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the  curvature  ordinary  differential  equation  using a curvature  distribution 
made up of polynomial  expressions.  The  pressure  surface  curvatures were 
obtained  using  the  second  derivative of a least   squares   curve  f i t  of the  co- 
ordinates. An attempt w a s  made  to  use  an  analytical  surface for the  pres- 
sure  surface;  however, it was not successful  because of the  combinations of 
curvatures  and  the  orthogonal  length  required.  Several  blade  surfaces  were 
constructed  before all of the design  constraints  were  satisfied.  The  axial 
distribution of surface  relative  critical  velocity  ratio  for  the hub, mean, 
and  tip  sections is shown  in  Figure 38. 

Boundary  Layer  Analysis  Without  Jet  Flap 

The  boundary  layer  on  the  suction  surface of the  jet-flapped  blade  with- 
out  the  jet  was  analyzed  using  the  compressible,  turbulent  boundary  layer 
calculation  from  Truckenbrodt  (reference 3) .  Figure 3 9  shows  the  axial 
variation of the  incompressible  turbulent  boundary  layer  shape  factor, Hi, 
on  the  suction  surfaces of the hub, mean,  and  tip  sections without  the  jet 
flap.  Figure 39  shows  that  separation is incipient  very  near  the  throat  for 
the hub and  mean  section.  Although  the  tip  section  value of Hi  has not a t -  
tained  the  value of 1.8 at  the  throat, any extrapolation beyond  the  throat 
would indicate  separation. 

Static  Pressure  and  Velocity  Distributions With Je t  F l a p  

The  jet  stream  contours  (described  in Appendix G and  shown  in  Figure 
40) were  added  to  the  trailing  edge of the  pressure  surface.  It was  coin- 
cidental  that  the  hub,  mean,  and  tip  contours  were  nearly  identical.  The  jet 
w a s  given  the  thickness of the  slot  width (0.  031 in. ) and w a s  extended  beyond 
the  blade  trailing  edge  until  it  assumed  the  downstream gas angle. An 
analysis of the  surface  velocity  distribution  around  the  jet-flapped  blade  and 
the  jet w a s  performed  using  the  relaxation  solution of the L,aplace equation 
which is incompressible and  two dimensional.  This  analysis is discussed  in 
Appendix H and w a s  applied  to  the hub, mean,  and  tip  sections of the  jet-flapped 
blade  with  and  without  the  jet  for  purposes of comparison. A similar  analysis 
was  performed on the  plain  blade s o  that  the  velocity  and  static  pressure  distri- 
butions  determined  would  provide a basis  for  comparison with  the  jet-flapped 
blade.  The  suction  surface  "incompressible"  critical  velocity  ratio  distributions 
a r e  shown for  the hub, mean,  and  tip  sections of the  jet-flapped  blade  with and 
without  the  jet  in Figures 41, 42, and 43, respectively. 

Boundary  Layer  Analysis With Jet   Flap 

To analyze  the  compressible  turbulent  boundary  layer on the jet-flapped 
blade  with  the  jet,  it  was  necessary  to  transform  the  incompressible  velocity 
distributions  to a pseudo-compressible  velocity  distribution.  The  compressible 
velocity  calculation  permitted  analysis  only to the  blade  throat. It w a s  assumed 
that a reasonable  extrapolation of the  compressible  velocity  distribution  without 
the  jet  could be made  from  the  throat to the  trailing  edge.  Since  the  incompressible 
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solution w a s  available  in  this  region, a rat io  of the  compressible  to  incompressible 
velocity  distribution  was  taken  at  each  axial  distance  along  the  suction  surface  and 
multiplied  times  the  incompressible  velocity  distribution  with  the  jet  expressed as 
follows : 

The  result of this  transformation  appears  as a pseudo-compressible 
velocity  distribution  for  the hub, mean,  and  tip  sections  in  Figures 44,  45, 
and 46, respectively. 

The  results of performing  the  boundary  layer  analysis  on  the  jet- 
flapped  blade  with  the  jet a r e  shown  in Figure 47. It can  be  seen  that  the 
incompressible  shape  factor, Hi, reaches a maximum  value of 1 .73  at  the 
hub section  and  then  decreases,  indicating  that  separation has been  pre- 
vented  by  the  effect of the jet  on  the  suction  surface  velocity  distribution. 
A similar  situation  exists  at  the  mean  and  tip  sections. 

Results of Surface  Static  Pressure  Distribution  Analysis 

The  variation of surface  s ta t ic   pressure with  axial  distance w a s  calcu- 
lated for the  plain  blade,  the  jet-flapped  blade  without  the  jet,  and  the  jet- 
flapped  blade  with  the  jet. For  the  calculation,  the  incompressible,  two- 
dimensional  velocity  distribution  obtained  from  the  boundary  layer  analysis 
without  jet  flap w a s  used.  These  static  pressure  distributions  are  shown 
for the hub, mean,  and  tip  sections  in  Figures 48 through 5 3 .  The  change 
in  tangential  momentum of the  gas  passing  through  the  blade  row  can  be 
represented by the  expression 

for the  region  bounded  by  the  suction  and  pressure  surfaces.  Theoretically, 
if the  jet-flapped  blade  (with  the  jet  on)  was to do the  same  amount of turn- 
ing o r  w o r k  on  the  gas as the  plain  blade,  then  this  integral  should  have  the 
same  value  for  the two blades.  Each of the  curves of Figures 48 through 53 
w a s  graphically  integrated  and  the  results  are  given  in  Table XV. 

Two methods  were  used  to  evaluate  the  effect of the jet  on  the  tangential 
momentum  change  for  each  blade.  The  first  method  was  based on comparing 
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the  product of Awul and A3 / A 2  for  the  jet-flapped  blade  with  the  assumption 

of no change  in  tangential  momentum  downstream  from  the  throat.  The 
second  method w a s  obtained by forming  the  product of AWU4 for the  jet- 

flapped  blade  and A 3  / A I .  The  results of the  comparisons  are given  in 
Table  XVas a percent  difference  between  the  adjusted AWu values  for  the 
jet-flapped  blade  and  the  plain  blade  values.  The  agreement  appears  to  be 
reasonably good considering  that a two-dimensional,  incompressible 
velocity  analysis w a s  used  in  determining  the  static  pressure  distributions. 

Blade  Interior  Design 

The  interior  design of the  blade  was  fixed by structure  considerations 
and  the flow pa'ssage  area  near  the  jet  discharge. A nominal wal l  thickness 
of 0.050 in.  was  maintained  around  most of the  blade  contour  except  in  the 
region of the  jet  discharge  where  the wal l  thickness  was  tapered  to a mini- 
mum of 0.030 in. The  interior  and  exterior  blade  section  contours  are 
shown  in  Figure 54. Core  areas  were  determined  from  Figure 54 and  radial 
flow velocities  at  the  hub  section  were  calculated. A tabulation of these 
values is given  in  Table XVI. The  velocities  were  compatible  with  previous 
designs  and  were  considered  acceptable. 

Summar -y 

0 The  maximum  suction  surface  velocity  requirements  were  satisfied. 
0 With the  jet  on, flow separation  was  prevented all the  way  to  the  trail- 

ing  edge of the  blade. 
0 The work capacity of the  jet-flapped  blade  with  the  jet  on w a s  very 

nearly  equal to  that of the  plain  blade. 
0 The  mechanical.  characteristics of the  jet-flapped  blade  were  satisfac- 

tory as fa r  as structural  integrity  and  secondary flow  velocity  were 
concerned. 

Pertinent  design  data  for  the  annular  cascade  jet-flapped  blade  con- 
figuration  are  given  in  Table XVII. Blade  section  coordinates  are  given  in 
Table XVIII. 

TANDEM AIRFOIL  BLADE 

The  design  philosophy of the  tandem  blade w a s  to  distribute  the  overall 
gas  turning  between two airfoils.  Further,  from  the  boundary  layer  analysis 
on the  plain  blade  design,  it was  apparent  that  the  static  pressure  rise  from 
the axial  position of maximum  suction  surface  velocity to the  blade  trailing 
edge  could  not be negotiated  without  experiencing  flow  separation. From this 
it w a s  concluded  that  the  secondary airfoil could  not  satisfy  Ds = 0.4 without 
having a region of separated flow. Therefore,  the  tandem  blade was to be 
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designed  such  that  the  maximum  suction  surface  velocity,  equivalent  to  that 
of the  plain  blade,  occurred  on  the  primary  airfoil  suction  surface.  It was  
felt  that  this  decision w a s  in  keeping  with  the  context of having all blade 
configurations  designed  to  the same loading  level. 

Figure 55 is a schematic  drawing of a tandem  blade  configuration  de- 
fining  the  geometric  terms of the  vane.  The  blade-to-blade  aerodynamic 
analysis  was  performed  independently  in  the  four  regions  shown  in  Figure 
55  using  the  quasi  three-dimensional  stream  filament  calculation  proce- 
dure  described  in  Appendix C. For  an  assumed  primary  and  secondary 
airfoil   arrangement  and  assumed flow split  between  the.  main  and  slot'chan- 
nels,  the  aerodynamic  analysis w a s  performed  using  the  total  mass flow 
in  regions 1 and 4, whereas  regions 2 and 3 were  analyzed  using  only  the 
slot flow in  regions 2 and  the  total  flow  minus  the  slot  flow  in  region 3.  

It w a s  required  that  the  solidity of the  tandem  blade  be less than  that 
of the  plain  blade.  This  reduction  in  solidity  was  obtained by decreasing 
hub, mean,  and  tip  sections  by  an  amount  equal  to  10% of the  plain  blade 
hub section axial chord.  The  amount of downstream  gas  turning w a s  in- 
creased  from 13 degrees  (which  existed  on  the  plain  blade)  to  15  degrees. 
This  design  change w a s  to  effect a more  heavily  loaded  secondary  blade 
by requiring  it  to do more of the  necessary  gas  turning. 

The  velocity  level  at  the  secondary  airfoil  suction  surface  throat is 
a function of the  total  mass flow rate,  midchannel  gas  angle,  suction  and 
pressure  surface  curvature,  and  the  throat  dimension.  The  suction s u r -  
face  curvature  and  velocity  level,  resulting  from a downstream  gas 
turning  angle of 1 5  degrees,  w a s  very  nearly  the  maximum  that  could  be 
tolerated and still  prevent flow separation all the way to  the  trailing  edge. 
Thus,  the  secondary  airfoil  was  defined  from  the  throat  to  the  trailing 
edge. 

A study w a s  performed  to  determine  the  location of the  trailing  edge 
of the  primary  airfoil  with  respect  to  the  secondary  airfoil.   This  study 
w a s  to  provide  information  about  the  maximum  velocity  level  that  could 
exist   at   the  primary  airfoil   trail ing  edge. It turned  out,  however,  that 
the  velocity  level  that  should  exist  at  the  primary  airfoil  trailing  edge  was 
very  nearly  independent of its  location  relative  to  the  secondary  blade. 
Figure 56 shows  the  simultaneous  solution  for  the  primary  airfoil  trailing 
edge  suction  and  pressure  surface  critical  velocity  ratios as a function of 
circumferential  position  and  flow  split.  In all cases  the  maximum  cri t ical  
velocity  ratio  that  could  exist  at  the  primary  airfoil  trailing  edge w a s  ap- 
proximately WIWCr-0. 70 to  0.80. 

Boundary  layer  behavior  studies w e r e  made  using  the  method of 
Truckenbrodt  described  in  Appendix D for  several  tentative  primary air- 
foils.  These  airfoil  studies  demonstrated  that  flow  could  not  decelerate 
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from  the  primary  airfoil  location of maximum  suction  surface  velocity  level 
corresponding  to Ds = 0.4 down to  the  level  shown  in  Figure 56 which  exists 
at  the  primary  airfoil  trailing  edge  without  the  flow  experiencing  separation. 
This  circumstance  necessitated  relaxing  the  diffusion  factor, Ds, value of 
0.4. The  tandem  blade was designed so that  the flow closely  approached a 
separated  condition  on  both  the  primary  and  secondary  airfoils. 

A tentative  flow  split  and  position  for  the  primary  airfoil  trailing  edge 
were  selected  and  the  primary  airfoil  pressure  surface was constructed. 
The  suction  surface  on  the  secondary  blade w a s  constructed so that  it  had 
low incidence  on  its  leading  edge  and  blended  smoothly  to  the  previously 
established  suction  surface  at  the  throat.  The  velocity  distribution  and 
boundary  layer  characteristics  were  then  calcula.ted  on  the  secondary  airfoil 
suction  surface. If the flow separated (i. e., Hi 2 1. 8), then new combina- 
tions of primary  pressure  surface  and  secondary  suction  surface  were  in- 
vestigated. If i t  w a s  determined  that  reasonable  combinations of surfaces  
could not  be found,  then a new circumferential  position of the  primary air- 
foil  trailing  edge w a s  assumed and the  process  repeated.  This was  con- 
tinued  until there  were  no flow separations on the  secondary  blade. 

Once the  secondary  airfoil  and  the  pressure  surface of the  primary air- 
foil  were  defined,  preliminary  primary  blade  suction  surfaces  were  con- 
structed to  have zero  incidence  on  their  leading  edges  and  were  made  tangent 
to  the  trailing  edge  circle.  These  surfaces  were  analyzed  for  velocity  dis- 
tribution  and  boundary  layer  behavior.  The  surfaces  were  altered  until  the 
boundary  layer  shape  factor  had a satisfactory  distribution (i. e. ,  Hi  ap- 
proached but  did  not  exceed 1. 8). An attempt was  made  to  divide  the re- 
quired  gas  turning  evenly  between  the two airfoils.  This  approach was  
abandoned,  however, as it  resulted  in  an  unsatisfactory  amount of incidence 
on  the  secondary  blade  and a very  lightly  loaded  primary  blade. 

The  tandem  blade  hub,  mean,  and  tip  velocity  distributions a r e  shown  in 
Figures 57, 58, and 59, respectively.  The  primary  and  secondary  blade 
boundary  layer  plots  are  shown  in  Figures 6 0  and 61. The  design flow split 
w a s  26.470 in  the  slot  channel and 73.670 in  the  main  channel. Figures 60 and 
61 show  that  theoretically  the flow has  approached  but not attained a sepa- 
rated  condition on either  the  primary  or  secondary  suction  surface. 

The  diffusion  parameter  level is significantly below  the  original  value of 
Ds  = 0.4. The  diffusion  parameters,  based  on  their  respective  trailing  edge 
velocity  levels,  are  given  in  Table XIX. Hub, mean,  and  tip  sections of the 
tandem  blade  are  shown  in  Figure 62. Design  data  and  tandem  blade  section 
coordinates  are  listed  in  Tables XX and XXI, respectively. 
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MECHANICAL DESIGN 

CASCADE RIG 

The  arrangement of the  test   r ig and  plenum  chamber  and  the  assembly 
of the  cascade  test   r ig  are  shown  in  Figures 63 and 64, respectively.  The 
plenum  chamber  section  adapts  the  test  rig to  the test  cell  facility.  The 
chamber  contains  pressure  and  temperature  instrumentation  and a s e r i e s  
of flow straightening  screens. A mahogany  bell  mouth is located  in  the 
plenum  chamber  and  blends  into a set  of inlet flow  guide wal ls .  These 
guide wal l s  are  contoured  to  generate  the  proper  free-vortex flow in a plane 
immediately  upstream of the  blade  leading  edge. 

The  cascade  test  rig is made of low carbon  steel  sections  that  stack 
together  to  form  an  annulus  sector. Six brass  blades,  cantilevered  from 
a common  platform  at  their hub sections,  form  the  blade  cascade.  The two 
center  blades  are  instrumented  with  static  pressure  taps  to  define  the  flow 
conditions  in  the  center flow passage of the  cascade.  Removal of upstream 
boundary  layer  build up on  the  upstream hub and  tip  walls is accomplished 
by pulling off the low energy  boundary  layer flow through a porous 2 .00  X 
0.014-in.  strip of 316 SS. The  strip is mounted  upstream of and  perpen- 
dicular  to  the  blade  row  leading  edge on  both  the  hub  and  tip  walls.  Fabri- 
cation of the  porous  metal  strips  was  accomplished by photo-etching 0. 015- 
in.  diameter  holes  on  0.031-in.  centers  through  the 0. 014-in.  thick  stain- 
less  sheet.  Secondary  air,  which is supplied  to  the  hollow  blade  configur- 
ations, is admitted  through  the  3-in.  line  connected  to  the  chamber  beneath 
the  blade  platform. An O-ring  seal  around  the  platform  prevents  leakage be 
tween  the  primary  and  secondary  flows. 

Static  pressure  taps  are  located  on  the  plain  blade  extended  midchannel 
lines on  the hub and  tip  casing  walls.  These  taps  are 0.125 in.  upstream 
and 0 .125  and 2 in.  downstream of the  blade  row.  The  proper  distance  re- 
lationship  even  though  the  blade  axial  chords  vary  from  one  configuration  to 
the  next, is maintained by using  spacer  plate  sections  with  each  configura- 
tion. One spacer  plate is used  with  the  plain  and  tangential  jet  blades  since 
they  have  the  same  axial  chord  length.  Another  spacer  plate, of thinner 
cross  section, is used  with  the  tandem  and  jet-flapped  blade  configurations. 

The  tip  casing is slotted  to  permit  radial  and  circumferential  surveys 
of the  gas  conditions  in  planes  immediately  behind  the  blade  row  and 2 in. 
in  the  axial  direction  downstream of the  blade  row.  The  slot  immediately 
behind  the  blade  row is plugged  and  the  tip wal l  contour is restored  when 
surveys  are  conducted  at  the  2-in.  axial  station.  The  gas is guided  out of 
the  cascade by  a s e t  of contoured  exit guide walls.  These  walls  are  de- 
signed  to  satisfy  free-vortex flow constraints.  The  effects of these  walls 
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on  the  plain  blade  performance w a s  investigated  during  the  experimental 
portion of the  investigation. 

BLADE STRESS ANALYSIS 

The  magnitude,  direction,  and  location of the  surface  forces  are  ob- 
tained  from  the  analytical  static  pressure  distributions  around  the hub,  mean, 
and  tip  airfoil  sections.  Similarly,  surface  forces  are  determined  at  25% 
and 75% blade  length  sections  from  interpolated  data.  These  results  are 
presented  in  Table XXII. It is assumed  that  the  tangential  jet  blades ex- 
perience  the  same  surface  loading as the  plain  blade  configuration. 

The  stress  analysis of the  blades  assumes  rig  inlet  conditions of 540"R 
temperature  and  1.44-atmospheres  pressure.  The  blade  material is AMs- 
4610 brass.  These  rig  conditions  and  the  blade  load  data  in  Table XXII a r e  
used  to  find  the  maximum  bending  stress,  first  natural  frequency, and  blade 
tip  deflection  for all of the  blades  in  cantilevered  condition. Also, similar  
information is determined  for  the  tandem  blade  with both the  hub and tip 
ends  fixed.  These  results  are  listed  in  Tables XXIII and XXrV. The   s t ress  
analysis  indicated  that all but  the  tandem  blade  configuration are   sat isfactory 
in a cantilevered  condition.  The  tandem  blade was  tested  with  both hub and 
tip  sections  fixed  to  the  rig  casing. 
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INSTRUMENTATION 

The  stator  blade  element  performance  instrumentation  plan  consists 
of the  details of measuring  the  following: 

Stator  inlet Stator  exit 

Total  temperature Total  temperature 
Total   pressure Total   pressure 
Static  pressure-hub  and  tip Static  pressure-hub  and  tip 
Gas  flow angle Gas flow angle 

Overall 

Primary  airflow  rate 
Secondary  airflow  rate 
Boundary  layer  bleed  airflow  rate 

AIRFLOW  MEASUREMENT 

Primary  Airflow 

The  primary  airflow is measured by 3 5-in.  diameter  Serial  Number 2 
Hamer  orifice  which is installed  in  the  16-in.  diameter  pipe  immediately 
upstream of the  test  rig  plenum  chamber.  The  static  pressure  differential 
across  and  the  absolute  static  pressure  upstream of the  orifice  are  indicated 
on vertical  mercury  manometers  which  can  be  read  to 0. OS in. Gas tem- 
perature is measured by thermocouples which are  located  immediately down- 
s t ream of the  orifice  and  connected to  a  Brown  indicating  potentiometer.  The 
Hamer  orifice is calibrated  to ASME standards. 

Secondary  and  Boundary  Layer  Bleed  Airflow 

The secondary  airflow is provided by the  shop  air  facility  and is measured 
by a 0.353-in.  diameter  thin  plate,  sharp  edged  orifice.  This  orifice is 
calibrated to ASME standards.  Flow is measured by recording  gas  tempera- 
ture,  static  pressure  differential  (in  inches of water),  and  the  upstream  ab- 
solute  static  pressure  (in  inches of mercury).  

I 

The  boundary  layer  bleed  airflow is measured by  a 3.019-in.  thin  plate, 
sharp edged orifice  which is calibrated  to ASME standards.  The  required 
vacuum is provided  by a steam  jet  air  ejector  system.  The  amount of 
boundary  layer  bleed is determined by the  establishment of a uniform  total 
pressure  profile  along  the  elements of the  total  pressure  rakes  mounted  at 
the  extreme  ends of the  hub  and  tip  sections of the  cascade.  The  design of 
these  rakes is shown  in  Figure 65.  
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STATOR INLET INSTRUMENTATION 

The  plenum  chamber  total  pressure  was  measured  by  four  0.188-in. ID 
probes  bent  at  right  angles  to  the  gas  flow.  The  opening  in  each  probe is 
chamfered  to  have a 20-degree  capture  cone.  The  probes  were  mounted  at 
90-degree  increments  around  the  plenum  chamber.  Three of the  probes 
were  connected  to  vertical  mercury  manometers.  The  fourth  probe was con- 
nected  to a 0 -  to  25-psi  Schaevitz-Bytrex (0.1% accuracy)   pressure  t rans-  
ducer.  The  pressure  transducer  output  was  recorded by the  Systems  Engi- 
needing  Laboratory  (SEL)  data  acquisition  system.  Three  iron-Constantine 
thermocouples  were  used  to  record  the  plenum  chamber  total  temperature. 

A radial  survey of total   pressure and  gas  angle  was  performed  in a 
radial-circumferential  plane  slightly  upstream of the  blade  row.  The  prism 
probe  was  located  approximately 0.75 in. upstream of the  blade  mean  sec- 
tion  on  the  mean  section  extended  midchanel  line.  The  probe  stem is 0.25 
in. in  diameter  except  for  the 1. 5-in.  stem  segment  above  the  pressure 
sensing  ports. In  the  region of the  sensing  ports  the  stem is 0. 125  in.  in 
diameter.   The  pressure  sensing  ports  are  made of 0.030 X 0.003-in.  wall 
tubing.  The  probe  was  i-nserted  through  the  tip  casing wa l l  and  located  at 
various  radial  positions  in  the  gas  stream.  The  probe was yawed  manually 
to  locate  the  direction of the  gas  stream  and  to  determine  the  magnitude of 
the  total  pressure.  It  was  necessary  that, when  the  probe is retracted  f rom 
the  gas  stream,  the  tip  wall  contour  be  restored.  This  probe is shown  in 
Figure 66. 

Five 0. 030-in.   diameter  static  pressure  taps  are  located  in  the hub 
and  tip  casing  0.125-in.  upstream of the  blade  leading  edge.  The  static 
pressures  were  recorded  manually  from  mercury  manometers. 

BLADE SURFACE  INSTRUMENTATION 

The two center  blades of the  cascade  for  each  configuration  are  instru- 
mented  with 50 static  pressure  taps.  One blade is instrumented  primarily 
on  the  suction  surface  while  the  other is instrumented  primarily  on  the  pres- 
sure  surface.  In this  manner,  the  center flow passage flow  conditions  were 
defined.  The  blade  instrumentation  was  accomplished by (1) laying 0.010- 
in. ID tube in  grooves  on  the  blade  surface  opposite  that  surface  being  in- 
strumented and (2)  restoring  the  grooved  surface  contour.  For  the ho'llow 
blade  configurations,  the two blade  halves  were  parted  and  the  instrumenta- 
tion  lines  were  laid in the  blade  wall. One of the  instrumented  plain  blades 
is shown  in  Figure 67. The  location of the  static  pressure  taps  for  al l  of the 
blade  configurations is illustrated  in  Figures 68 through 72. Tables XXV 
through XXIX list  the  axial  coordinates of the  static  pressure  taps.   The two 
center  blades of each hollow  blade set  contained  total  temperature  instru- 
mentation  in  the  blade  cavity  at  the  mean  section. 
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STATOR  EXIT  INSTRUMENTATION 

Static  pressure  taps  are  located  in  the hub  and tip  casing  at  axial  dis- 
tances of 0. 125  and 2 in.  downstream of the  blade  trailing  edge  on  the  plain 
blade  midchannel  line. 

A radial  and  circumferential  total  pressure  survey  was  made  in a 
plane  approximately 0.030 in.  downstream of the  blade  trailing  edge  using 
the  bifurcated  probe  shown  in  Figure 73. The  probe  stem  was 0.25 in.  in 
diameter  and  necks down to 0.042 in.  in  the  neighborhood of the  pressure 
sensing  element.  The  probe was  mounted  at a fixed  angle  in  an  L. C. Smith 

saddle"  type  probe  actuating  mechanism.  Surveys of total   pressure  were 
performed  through 1 2  circumferential  degrees  at  ten  radial  depths.  The 
sweep  rate of the  traverse  mechanism  was 0 .2  circumferential  degree  per 
second.  The  use of the two probe  elements  permitted  data  acquisition  very 
near  the hub and  tip  walls.  Each  probe  element had an  opening of 0.008 in. 
This  small  probe  size  permitted  adequate  definition of the  blade  wake 
boundary  layer  characteristics. 

II 

Radial  and  circumferential  surveys of total  pressure,  total  tempera- 
ture, and  gas  flow  angle  were  performed  with  the  prism  probe  shown  in 
Figure 74. The  probe  was  mounted  in  the  same  saddle  actuating  mecha- 
n i sm  a s  the  bifurcated  probe.  The  surveys  were  performed  through  ap- 
proximately 2 6  circumferential  degrees  at  ten  radial  depths.  The  circum- 
ferential  sweep  rate of the  actuating  mechanism  was  the  same  for  this  prism 
probe  as  it  was  for  the  bifurcated  probe.  The 0. 25-in. diameter  probe  stem 
housed  the  three  0.028 OD X 0.003-in.  wall  tubing  pressure  sensing  ports. 
A conventional  iron-Constantine  thermocouple  was  mounted  immediately be - 
low the  pressure  sensing  ports.  This  survey w a s  performed  in a plane 2 
in.  downstream of the  blade  row. 

The  survey  data  from  both  the  bifurcated  and  prism  probes  were  ob- 
tained  from a 0- to  25-psi  Shaevitz-Bytrex  pressure  transducer  and  re- 
corded on  the  Systems  Engineering  Laboratory  system. 

In addition  to  the  aforementioned  aerodynamic  measurements, a  flow 
visualization  study of boundary  layer  separation  was  performed. A mixture 
of lamp  black  and  mineral  oil  was  applied  to  the  trailing  edge  suction su r -  
face  region,  and  photographs of the  resulting  separated flow regions  were 
taken. 
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APPENDIX A 

DOWNSTREAM VELOCITY  TRIANGLE  CALCULATION  PROCEDURE 

The  downstream  velocity  triangle  requirements  were  calculated  using 
Allison  computer  program G64. The  calculation satisfies the  required hub, 
mean,  and  tip  section  change in tangential  momentum  across  the  blade  row 
based on the  conditions of free-vortex flow.  Also,  the  axial  velocity  com- 
ponent is held  constant  radially  at  a  given  axial  station.  Information  con- 
cerning  the  upstream and downstream  gas  total  temperature and total  tem- 
pera ture ,   mass  flow rate ,  and  flow  path  geometry  permits  completion of 
the calculation. 
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APPENDIX B 

BLADE THROAT DIMENSION CALCULATION  PROCEDURE 

The  blade  throat  dimension,  throat  midchannel  gas  angle, and velocity 
triangle  were  determined at the hub, mean, and tip  sections  using  Allison 
computer  program D50. This  program  requires  an  assumption on the total 
pressure  gradient  from the throat  to  the  exit  plane.  Further,  the  program 
assumes  that   there is no  change  in  the  tangential  momentum  from  the  throat 
t o  the exit  plane. By knowing the  total   pressure and velocity  diagram at the 
exit  plane  and  the  total  pressure at the  throat,  the  geometry and flow proper- 
ties  at  the  throat  can  be  determined by  an  iteration on continuity,  including 
blockage  effects of the  blade  trailing  edge.  The  calculations  are  performed 
radially in ten  equal  increments. 
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APPENDIX C 

BLADESURFACEVELOCITYCALCULATIONPROCEDURE 

This  procedure  calculates  the  blade  surface  velocity of inviscid  flow 
through  both a rotating and nonrotating  axial  blade  row.  The  procedure is 
accomplished  using  Allison  computer  program 187. The  procedure satisfies 
radial  equilibrium at the  blade  midchannel,  assuming all radial  section 
midchannel  points  lie on a radial  line. A schematic of the flow  model is 
illustrated  in  Figure 75. Channel  flow  theory is used  to  determine  the 
velocity  distribution  across  the  channel at each  radial  section.  Mass flow 
ra te  is obtained by numerical  integration  across  the flow  orthogonal sur- 
face  at  each  axial  station.  The  calculation  procedure, as programmed  for 
a digital  computer,  can  be  run  in  either of tw-;o modes. Mode 1 i terates  on 
an  estimated hub section  midchannel  velocity  to  satisfy  continuity. Mode 2 
calculates what m a s s  flow rate  satisfies  continuity  for a specified hub mid- 
channel  velocity.  The  latter  mode is most  useful  to  gain a good insight  into 
the  blade  shape  modifications  necessary  to  obtain a desired  velocity  distri- 
bution.  The  calculation  procedure is restr ic ted  to  a given  axial  station and 
is independent of conditions  upstream or downstream of the  given  axial 
stations. 

The  calculation  procedure  begins by determining  the  value of mid- 
channel  velocities  relative  to  the  blade  at  the  mean and tip, (Wm)m and 
(Wm)t,  which  satisfy  radial  equilibrium  for a specified (W,)h. (Unless 
otherwise  specified, all velocities will  be  relative  to  the  blade  row.)  The 
following  equation  expresses  the  relationship  between  the  midchannel  velocity 
at  the hub  (which has  been  estimated and is input  data)  and  the  midchannel 
velocity at any  other  point (Y) along  the  potential  line  from hub to  tip. 

where 

b = 2 o s i n J I  

The  preceding  equation  assumes  isentropic  flows and constant  absolute 
total (or stagnation)  enthalpy,  neglects  the ( Y )  component of force  exerted by 
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the  blade on the  gas, and assumes  that  the  radial  potential  lines  are  radial 
straight  lines  perpendicular  to  the  axis of rotation.  Since  straight  radial 
potential  lines  are  assumed,  the  calculation is l imited  to flow  paths of little 
o r  no  divergence. 

Next, the  velocity  at  evenly  spaced  increments  across  the hub, mean, 
and tip  circumferential  potential  lines is calculated  using  the  method  pre- 
sented  in  reference 12. The  following  equation is used  to  calculate  the 
velocity  at  various  points  across  the  circumferential  potential  lines. 

The  streamline  curvature  (Rc) is assumed  to  vary  linearly  with  (no).  The 
( A R C )  is the  change in (Rc)  from  the  reference  point  (midchannel) to the 
point  where  the  velocity (W) is t o  be  calculated. Also,  

By assuming (Prel) and (Trel)  constant  across a given  circumferential 
potential  line,  the flow rate   per  unit a r ea  (PW) can be calculated.  The  flow 
ra t e  is determined by integrating ( P W )  over  the  plane  defined by the hub, 
mean, and tip  circumferential  potential  lines.  For Mode 1 operation,  the 
calculated flow ra te  is compared  to  the  desired flow rate.  If these  two 
values  do  not  agree  within a certain  iteration  tolerance,  (Wm)h is adjusted 
and  the  entire  calculation is repeated.  For Mode 2 ,  the flow rate  check is 
not  made.  The  calculation is completed at this  point;  therefore,  the  result- 
ing  output is for  the  original  input  estimate of (Wm)h .  
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APPENDIX D 

BOUNDARY LAYER ANALYSIS 

A prediction of the  rate of growth of the  blade  surface  boundary  layer 
w a s  required  for  determining  the  location of incipient  flow  separation.  Also, 
the  design of the  secondary flow systems of the  hollow  blades  required a 
fundamental  understanding of the  boundary  layer  characteristics of flow  on 
the  blade  surfaces. 

The  momentum  integral  equations  for  the  compressible,  turbulent 
boundary  layer  along a two-dimensional or axisymmetric  surface  have  been 
integrated and programmed  for  the  computer.  The  designation is Allison 
computer  program  L42.  The  integral  approach  used  was  that of Culick  and 
Hill (reference 13)  which uses  the  Stewartson-Illingworth  (reference  14) 
transformation  to  transform  the  compressible  form of the  momentum  integral 
equation  to a corresponding  incompressible  form.  The  turbulent  boundary 
layer  calculation  procedure of Truckenbrodt  (reference 3) was  applied  to 
t h i s  incompressible  form of the  equations.  The  results of the  boundary 
layer  calculation  procedure  were  than  transformed  back  to  the  compressible 
flow field.  Input  data  for  this  program  consist of free  stream  total   pres- 
sure,   free  stream  total   temperature,  Mach number  distribution, and surface 
geometry.  The  boundary  layer  calculation  may  begin  at  any point  along  the 
surface if initial  values of momentum  thickness and shape  factor  are known. 
Flow  separation is said  to  occur when the  incompressible  boundary  layer 
shape  factor, Hi, exceeds a value of 1. 8. 

The  boundary  layer  calculation  procedure  yields  the  blade  surface  vari- 
ation of the  momentum  thickness,  shape  factor,  displacement  thickness, 
and Reynolds and Mach  numbers. It does  not,  however,  render  explicitly 
the  actual  boundary  layer  thickness.  The  boundary  layer  thickness is de- 
termined  using  the  results of an  unpublished  paper by H. H. Korst who ex- 
presses  the  boundary  layer  thickness  in  terms of shape  factor,  momentum 
thickness, and  Mach number. 

Several  previous  investigations of boundary  layer  growth  under  adverse 
pressure  gradients and  within  the  Mach  number  range of interest   ( references 
15  and  16) were  compared  to  the  L42  calculations  under  the  same  experi- 
mental  conditions.  Comparison with Englert 's   data  (reference 15)  showed 
agreement  within 5 to 10% for  calculations  of%, 8 ,  and  Hi  and  indicated  that 
separation would occur  at or before Hi equals 1.8 under a high  adverse  pres- 
sure  gradient.  Rubesin's  (reference 16) data,  which  were  at a Mach  num- 
ber  of from  2.4  to 2. 5, indicated  very good agreement  for x and 6 .  Com- 
parisons of Hi  showed  agreement  within 5 t o  10%. 
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It  was  concluded  that  the  results of program L42 were  slightly  conserva- 
tive but sufficiently  accurate for the  range of Mach numbers  encountered in 
this  investigation. 

41 



APPENDIX E 

TANGENTIAL JET BLOWING BLADE  ANALYSIS 

The  tangential  jet  blowing  blade  analysis  was  made  using  the  equations 
given  in  this  appendix.  Nomenclature for the  tangential jet a r e  given  in the 
following  sketch.  The  working  curves for the  analysis  are  given in Figures  
76 through 82. 

5315-84 

5. 
U 
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7. 

8. 

9. 

10. 

11.  

12. 

13. 

The  ratio of total  pressure  inside  the  blade  to  main  stream static 
pressure  indicated  that  the  velocity would be  supersonic  and,  there- 
fore,  the  tangential  slot  should be a converging-diverging  nozzle. 
However,  due  to  the  difficulties  in  manufacturing a small  converging- 
diverging  slot  in  the  blades, it was  decided  to  make  the  slot a straight- 
walled  passage.  Sonic  conditions would exist  at  the  throat, and it was 
assumed  that  the  jet  stream would expand isentropically  to  supersonic 
conditions  just  downstream of the  nozzle  exit.  The  deviation of the 
actual  jet  expansion  was  corrected for by using  a  velocity  coefficient 
given by Higgins  and  Wainwright (reference 17).  The  velocity co- 
efficient  was  defined a s  

and was  nearly  independent of the nozzle expansion  ratio. A con- 
servative  value of 0. 97 was  selected  for Cv €or the  analysis so that 

U j a  = 0. 97 Uj' 
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2 
WSS ( Y +  1) Mss 

Wcrss 
14. Y - 1  

2 (1 + 2 Mss2) 

16. W s s  = Wcrss wc, (".'..) 
17. For a certain  slot  height hb, 

18. Experimental  evidence  from  Neprud,  reference 18, indicates  that 
the  actual flow rate through a narrow  s lot  is less than  the  calculated 
value by a factor, Cf, of 0. 94 (Figure 76) for a slot  width of 0.010 in. 
No data  were  given  above a slot  width of 0.010 in. so  that  the  value 
of Cf = 0. 94 w a s  applied  to  the mass flow rate  calculations of all   slots 
above 0.010 in. 

19. Momentum  deficiency, P s t s s  Wss 8 ,  2 

20. Momentum  excess in jet, P ua hb (ua - Wss) st s s 

21. Jet momentum  excess  ratio, MR = 
%tss w s 2  8s 
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APPENDIX F 

EQUATIONS FOR GENERATION OF  JET  FLAPPED 
BLADE  FLOW CONDITIONS 

The  equations  used  for  generating  the  jet  flapped  blade flow conditions a r e  
given in the  following  paragraphs.  Nomenclature  for  this  blade is shown on 
the  following  sketch. 

5315-83 

1 .  Average  jet  slot  width, hb, is a function of jet  momentum, M, total 
inlet  to  static  jet  pressure  ratio,  PTi/Pstj,  and m a s s  flow ra t e  of 
mj. 

hb = f (M, PT i /Ps t .  &j) 
J' 

2. Average  jet  momentum, 

M = P .  u hb/g  lbm/in.  J a  

3. Mass flow rate ,  

A j  = hb B P j  Ua Cf/144 lbm/sec 

4. For  a certain P T ~ / P , ~ ~  

ucr = 1019. 5 f t /sec  (s tandard  a i r )  

ua = CV uj' 
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where Cv is 0. 97 to  account  for  jet  expansion as given by Higgins 
and Wainwright  (reference 17). 

5. Values of hb were  chosen for cer tain  PTi/Pst   ra t ios  and jet  momen- 
j 

turn rat ios  were calculated.  Figure 29  shows a plot of these  param- 
e te rs .  A mainstream flow rate  of 1 .05  lb/sec  per   passage was used 
to  nondimensionalize rhj a s  a percentage of passage flow rate. 
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APPENDIX G 

DETERMINATION OF THE JET  FLAP CONTOUR 

Following  the  method a s  given by Spence (reference 19), an  expression 
was  derived which describes  the  geometric  characterist ics of a jet  emanat- 
ing  from  the  trailing  edge of an  isolated  blade.  The  analysis is based on 
thin  airfoil  theory  which  replaces  the  blade  with a straight  line of one  unit 
chord  length.  Further,  the flow model is restricted  to  two-dimensional, 
incompressible,  irrotational flow. The  downwash of the  jet is expressed  in 
t e r m s  of the  second  derivative of the  jet  vertical  coordinate.  This  expres- 
sion, which is put in   t e rms  of the  jet  momentum  coefficient (Cj) and the  jet 
efflux  angle (71, is then  integrated  twice  to  determine  the  jet  stream  con- 
tour.  The  result is 

where 

1 

y is the  jet  deflection  at a given  value of x 

A, (n = 0, 1, . . . N- 1)  are  Fourier  coefficients and are  functions of the 
jet  momentum  coefficient  (Cj) 

n is the  number of terms  retained in  the  truncated  Fourier  series 

For  the  analysis of a jet-flap  blade,  the  unit  chord  length  was  taken a s  
the  straight-line  distance  from  the  intersection of the  suction  surface and 
trailing  edge flow  orthogonal  to  the  suction  surface  trailing  edge.  The  orien- 
tation of the  l inear  airfoil   was  taken  as  parallel   to ($4lm. The  jet  contour 
was  terminated when the  angle of the  contour  tangency  became  equal  to @3). 
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APPENDIX H 

SOLUTION OF THE LAPLACE EQUATION 

Allison  computer  program P49 is a relaxation  solution for the  stream 
function, $ , of the  two-dimensional  Laplace  equation for flow in a cascade, 
i. e. , 

The  value of the  stream  function is evaluated  at  up  to 2500 nodal  points 
between  two  blades of a cascade.  The  stream  function is then  differentiated 
with  respect  to  the  axial and tangential  directions  to  obtain  the  correspond- 
ing  velocity  components.  That  is, 

These  components  are  then  used  to  calculate  the  magnitude and direction of 
the  velocity  at  all of the  interior and blade  surface  nodal  points. By using 
this  velocity  distribution,  an  incompressible  static  pressure  distribution 
can  be  obtained  around  the  entire  blade. 
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Table I. 

Plain  blade  geometrical and aerodynamic  design  data. 

~~~ 

cx 
S 

U 

0 

P O  

$0 

+ 1) straight 
back 

‘4  
W / D S  
turning 

DS turning 

W 

tl 

te  

~ ~~ 

Units 

in. 

in. 

in. 

degrees  

degrees  

degrees 

degrees 

degrees 

in. 

in. 

Hub 

1.365 

1. 01267 

1.348 

0.555 

36.08 

53. 92 

54 .35  

47.  85 

13. 0 

0. 703 

1. 350 

0. 810 

0.799 

0.0546 

0.0175 

Mean 

1.5925 

. 1. 22967 

1.293 

0.763 

41.66 

48.34 

49. 52 

43 .02  

13. 0 

0.623 

1. 189 

0. 713 

0.707 

0. 0637 

0.0175 

T ip 

1.820 

1.44678 

1.258 

0.984 

46.37 

43.63 

45 .23  

3 8 . 7 3  

13. 0 

0.572 

1.082 

0.649 

0.647 

0.0728 

0. 0175 

DS turning - * $1) W/ DS turning = ”) straight  back 2 
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Table 11. 

Plain  blade  section  coordinates. 

X 

Min X = 0. 0 
0. 006" 
0. 075" 
0. 021:': 
0. 093':' 
0. 020::: 
0. 093'' 
0 .117  
0. 233 
0 . 3 5 0  
0 .467  
0. 584 
0. 700 
0. 817 
0 . 9 3 4  
1 . 0 5 0  
1 . 1 6 7  
1. 284 
1, 362:'::: 
1. 334:::: 

1 . 4 0 0  
1. 517 . ::: ::< 
1. 563:k:: 

1 .634  
1 . 7 5 0  
1 8 1 2 ::: 
1 . 7 8 8 :k J k  

MaxX = 1 . 3 6 5  
MaxX = 1 . 5 9 3  
MaxX = 1 . 8 2 0  

Suction 
Y 

0 . 6 5 9  
0.685 
- 
- 
- 
- 
- 

0. 871 
0. 969 
1 . 0 1 3  
1 .026  
1 . 0 0 5  
0 . 9 4 9  
0. 855  
0. 736 
0.596 
0 .435  
0. 254 
0 .130  
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.117 
- 
- 

ub 
Pressure  

Y 

- 
- 

0.609 
- 
- 
- 
- 

0.629 
0 . 6 6 5  
0.686 
0. 687 
0 .671  
0 . 6 3 8  
0. 584 
0. 508 
0 . 4 0 8  
0 . 2 8 8  
0 .161  

0.104 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

n 
Suction 

Y 

0 .771  
- 
- 

0. 818 
- 
- 
- 

0.906 
0. 986 
1. 037 
1 . 0 6 4  
1. 061  
1 . 0 2 0  
0 .957  
0. 872 
0. 768 
0. 652 
0. 526 
- 
- 

0.383 
0 .229  
0 .131  
- 
- 
- 
- 
- 
- 

0.117 
- 

?an 
P res su re  

Y 

- 
- 
- 
- 

0.714 
- 
- 

0. 724 
0 .757  
0 .766  
0 .757  
0 .731  
0 . 6 9 3  
0 . 6 4 3  
0. 584 
0. 513 
0 .436  
0 .350  
- 
- 

0 . 2 5 1  
0 .151  

0 .103  
- 

- 
- 
- 
- 
- 
- 
- 

- 
Suction 

Y 

0.804 
- 
- 
- 
- 

0. 853 

0.946 
1 . 0 1 3  
1 .054  
1. 076 
1 . 0 7 9  
1. 056 
1. 014 
0.953 
0. 879 
0. 790 
0 .692  

- 

- 
- 

0. 586 
0 .469  
- 
- 

0 . 3 4 5  
0 . 2 0 8  
0.132 
- 
- 
- 

0.121 

ip 
P res su re  

Y 
____ 

- 
- 
- 
- 
- 
- 

0.734 
0. 742 
0.766 
0 .774  
0 .763  
0 .740  
0.706 
0.666 
0.623 
0. 571 
0. 513 
0 . 4 4 8  
- 
- 

0.380 
0.307 
- 
- 

0.223 
0.137 

0.106 
- 

- 
- 
- 



Table 111. 

Design  results  for  placing  vortex  generators  at 
30% of surface  length. 

CX 

CS (Figure 7) 

SVG at 30% of Cs 

XVG (corresponding  axial 
position of SVG) 

X, (axial  position of 
incipient  separation) 

Ss (corresponding  surface 
position of incipient 
separation) 

X (surface  distance  from 
general  location  to 
point of incipient 
separation ( S s  - W G )  

MVG (Mach No. at SVG) 

Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

Hub 

1.365 

1.930 

0.579 

0.440 

0.595 

0.725 

0.146 

1.320 

Mean 

1.592 

2.030 

0.610 

0.540 

0.675 

0.740 

0.130 

1.240 

Tip 

1.820 

2.190 

0.657 

0.600 

0.760 

0.820 

0.163 

1.125 
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Table N. 

Effect of type and position of vortex  generators on delaying flow separation  (reference 5) 
(Separation  at Ss = 58. 0 in.) 

Type of 
vortex 

generator 

Corotating 
vane , 
D / h  = 5 

Corotating 
vane, 
D / h  = 3 

Triangular 
plow E l  

Triangular 
plow E2 

Counter- 
rotating 
vane 
D/h = 4 
d / h  = 1 

Triangular 
plow E3 

Vortex 
generator 
height, h 

(in.) 

0. 25 

1. 25 

0. 75  

1. 50 

1.75 

3. 0 

Distance  between 
jenerator  location 
and uncontrolled 

separation, X 
(in.) 

58. 0 

53. 2 

46. 0 

23. 2 

16.0  

9. 0 

X 
h 
- 

232.'0 

42. 5 

61. 2 

15. 4 

9.1 

3.  c - 

Jocation of separation 
under  influence of 
vortex  generators, 

SVG (in.) 

76. 8 

72. 0 

76. 8 

81. 1 

82.9 

94. 8 

18. 8 

14. 0 

18. 8 

23. 1 

24. 9 

36. 8 

Percent  increase 
in  moving  point of 

:ontrolled  separation 
downstream,. 

3 2 . 4  

24. 1 

32. 4 

39. 8 

42. 9 

6 3 . 4  



Table V. 

Design  results  for  placing  co-rotating  vortex  generators at XVG = 0.22 in. 

XVG 

SVG 

SS 

X 

h 

X 
h 

6 
h 
6 

D 

- 
- 
7 

D 
h 

Q 
P 
h 

- 

- 
t 

h 
t 
- 

(axial  distance  to  vortex  generator) 

(corresponding  surface  distance to 
vortex  generator) 

(surface  position of incipient  separa- 
tion) 

(distance  from  generator  location  to 
point of incipient  separation, 
ss- W G )  

Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

.in. 

Hub 

0. 22 

0.34 

0.725 

0.385 

0.015 

!5. 7 

0.007 

2. 1 4  

0.100 

6.  66 

0. 06 

4 .0  

0 . 0 0 5  

3.0 

0.910 

0. 895 

~ 

Mean 

0. 22 

0.275 

0.740 

0.465 

0.015 

3 1 .  0 

0.005 

3.00 

0.100 

6.  66 

0. 06 

4. 0 

0.005 

3 . 0  

1.000 

1.000 

T ip 

0. 22 

0. 275 

0.820 

0.545 

0. 015 

16. 4 

0 .005  

3. 00 

0.100 

6. 6 6  

0. 06 

4.0 

0.005 

3.0 

0.980 

0.977 
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Table VI. 

Design resu l t s  for  placing  counter-rotating  vortex 
generators at XVG = 0. 22 in. 

XVG 

SVG 

SS 

X 

h 

X 
h 

6 

h 

- 
- 

E 
D 
h 

D 

WlWcrVG 

MVG 

Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

Hub 
~ ~ 

0. 22 

0.340 

0.725 

0.385 

0.020 

19.25 

0.007 

2. 86 

10.0 

0. 20 

0.910 

0.895 

Mean 
~~ ~~~ - 

0. 22 

0. 275 

0.740 

0.465 

0.020 

23. 2 

0.005 

4. 00  

10.0  

0. 20 

1. 00.0 

1.000 

Tip 

0.22 

0.275 

0.820 

0. 545 

0.020 

27. 3 

0.005 

4. 00 

10.0 

0. 20 

0.980 

0.977 
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Table VII. 

Summary of slot   parameters for tangential  jet  slot 
location No. 1. 

1. Slot  height = 0. 020. in. 
2. Slot  height = 0. 030 in. 
3.  Slot  height = 0. 040 in. 

Jet  momentum  excess  ratio, 
MR 

Core  to  main  stream  total  
pressure  ratio,   PTi/PTss 

Jet  to  main  stream  velocity 
ratio, UalWs, 

Jet   to   main  s t ream  mass flow 
rate ratio, 70 mS/rhp 

Integrated  mass flow ratio,  
Yo fis/ri-lp 

Axial  slot  position, in. 

Hub 

1. 2. 22 
2. 2.12 
3. 1. 92 

1. 1.71 
2. 1.40 
3. 1. 27 

1. 1.145 
2. 1. 087 
3. 1.054 

1. 2. 32 
2. 3. 80 
3. 5. 23 

1. 2. 590 
2.  4. 167 
3. 5. 717 

0.540 

Mean 

2. 50 
2. 50 
2. 50 

1. 7 1  
1 .40  
1. 27 

1.195 
1.122 
1.081 

2. 60  
4. 1 3  
5. 72 

2.590 
4.167 
5.717 

0.610 

Tip 

2.45  
2.47 
2. 42 

1. 7 1  
1.40 
1. 27 

1.244 
1.152 
1.104 

2. 72 
4. 37 
5. 96 

2. 590 
4.167 
5.717 

0.690 
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Table VIII. 

Boundary layer and aerodynamic data for tangential jet 
slot  location No. 1. 

Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

psilin. 

Hub 

0.595 

0.010 

0. 060 

0.725 

0.665 

0. 540 

1 .350 

0.00122 

4. 10 

0. 675 

0. 0125 

0. 075 

0 .745 

0.670 

0. 610 

1. 180 

0 .00165 

3 .  16 

Tip 

0.760 

0.0145 

0.087 

0.825 

0.738 

0.690 

1. 040 

0.00197 

2. 63  
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Table M. 

Summary of slot   parameters for tangential jet 
slot  location No. 2. 

1. Slot  height '= 0. 020 in. 
2. Slot  height = 0. 030 in. 
3. Slot'height = 0. 040 in. 

Jet  momentum  excess  ratio, 
MR 

Core  to  main  stream  total 
pressure  ra t io ,  PT~/PT,,  

Je t  t o  main  stream  velocity 
ratio,  UalWss 

Jet   to   main  s t ream  mass flow 
rate  ratio,  To n is /nip 

Integrated  mass flow ratio, 
% 

Axial  position of slot,  in. 

- ~~ 

Hub 

1. 2. 7 0  
2. 2.75 
3. 2. 70 

1. 1.38 
2. 1. 28 
3. 1. 18 

1. 1. 188 
2. 1 .121  
3. 1 .090 

1. 3. 05 
2. 4. 62 
3. 6. 20 

1. 3. 05 
2. 4. 62 
3. 6. 20 

0.795 

Mean 

2. 50 
2. 50 
2. 50 

1. 38 
1. 28 
1. 1 8  

1.230 
1.150 
1.107 

3. 05 
4. 62 
6. 20  

3. 05 
4. 62 
6. 20 

0,900 

Tip 

2. 25 
2. 25 
2. 30 

1. 38 
1. 28 
1. 18 

1. 246 
1 .162 
1 .119 

3. 05 
4. 62 
6. 20 

3. 05 
4. 62 
6. 20 

1.010 
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Table X. 

Boundary  layer and aerodynamic  data for tangential  jet 
slot  location No. 2. 

X 

APst 180 

* %e 
S for constant 

Units 

in. 

in. 

psii in.  

in. 

Hub 

0.795 

0. 965 

1.07  

0. 94 

0.00122 

Mean T ip I 
0.900 1.010 I ~ ~~ ~~ 

1 . 0 2  I .  10 

1.07 I 1.07 

0. 86 I 0. 835 

0.00165 0.00:97 I 
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Table XI. 

Jet  flow characteristics  downstream of slot 
locations 1 and 2. 

Slot  location 1 

Hub Tip Mean 

Transverse  jet  growth 
at  throat, in. 

633 686  716 at  throat,   f t /sec 
Transverse  jet  velocity 

0. 0529 0.0452  0.0347 

Slot  location 2 
m 

Hub T ip Mean 

Transverse  jet  growth 
at  throat,  in. 

913 997 1012 at  throat,  ft I sec 
Transverse  jet  velocity 

0.0458  0.0425 0.039 

Table XII. 

Blade  core flow characteristics  for  slot 
locations 1 and 2. 

Slot  location No. 1 

Slot  location No. 2 

hb  (in.) 

0.020 
0.030 
0.040 

0.020 
0.030 
0.040 

Mass flow rate  
(in.2)  (lb / sec) 

Flow a r e a  

0.0272  0.157 
0.0438 0.157 
0.0601 0.157 

I Radial 
velocity 
(ft / sec) 

194 
383 
579 

0.0320 
0.0485 
0.0651 

0.152 

697 0.152 
498 0.152 
293 

I 
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Table XIII. 

Results of final check on continuity  and  simple 
radial  equilibrium for jet  flapped  blade  design. 

Velocity  from  iteration  results, 
Wm 1 1-c. 

Velocity  required  for  radial 
equilibrium,  Wml /acr 
Mass flow rate  calculated  from 
throat  conditions, (GP cr) / 8 0 

Mass flow rate  required,  
(Ap & J /  8 0 

f t  I sec 

f t  I sec  

lb I sec  

lb / sec  

Hub Tip Mean 

852.0 735.0 779.0 

852. 0 736.13 780.03 

67.81 

68. 4 

Table XTV. 

Iteration  results  at  the  midcha.nne1  throat  for 
jet flapped  blade  design. 

Jet  efflux  angle, 7 

Slot  tool  angle, 1 
Throat  angle, $ 1  
Deflection  angle, Q 
Jet  momentum  coefficient, Cj 
Throat  dimension, o 
Midchannel  velocity, Wm1 

degrees 
degrees  
degrees 
degrees 

in. 
f t  1 sec  

Hub 

80. 0 
34.04 
45.16 

8. 8 
0.156 
0.535 

852.0 

Mean 

84. 7 
34. 04 
39.34 

9.2 
0.141 
0.736 

779.0 

Tip 

90. 0 
34.04 
34.09 

9. 8 
0.127 
0.953 

735.0 
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Table XV. 
Evaluation of the  jet effect on tangential  momentum  for 

jet  flapped  blade  design. 

(Section  momentum  proportional  to  area, A, under  static 
pressure  blade  chord  curve) 

c x  
1. A = ~ F  *Pst dx,  in. 2 

Plain  blade, A1 
Jet  flap  wlo  jet, A2 
Jet flap  w/jet, A, 

2. A Wu, f t  1 sec 

Plain  blade 
Throat 
Downstream 

Throat 
Downstream 

Jet  flap 

Method 1, throat  jet  flap AW1 X A3/A2 
Method 2, downstream  jet  flap 

AWud X A3 /A1 

3. Percent  deviation  from  plain  blade, AWu 

Method 1 
Method 2 

Hub 

16.17 
15.43 
17.78 

1192 
1251 

1179 
1251 
1356 

1377 

8. 2 
10.0 

Mean 

17. 02 
15.16 
17.18 

972 
1027 

96  5 
1027 
1095 

1040 

6.  3 
1.0 

Tip 

17.63 
16.67 
18.99 

819 
873 

813 
873 
927 

938 

6. 1 
7. 6 

I 

61 



Table XVI. 

Summary of jet-flapped  blade  interior  parameters. 

Units Tip Mean Hub 

Core  area 

f t  I sec  3 89 hub with 4.4% flow 
Core  velocity  at  the 

0.266 0. 207 0 .1626 in. 2 
1 

Table XVII. 

NASA annular  cascade  jet-flapped  blade  design  data. 

I S  

U 

t l  

Units 

in. 

in. 

in. 

in. 

degrees 

degrees 

Hub 

1 .2285  

1.01267 

1.213 

0. 04 

0. 05 

36 .08  

45.16 

0.703 

1.380 

0. 812 

~~ 

Mean 

1.4555 

1.22967 

1.185 

0. 04  

0. 05 

41.66 

39.34 

0.623 

1.210 

0 .721 

1.6835 

1.44678 

1.164 

0. 04 

0. 05  

46.37 

34.09 

0.572 

1.095 

0.662 
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Table XVIII. 

Jet  flapped  blade  section  coordinates. 
. . 

X 

Min X = 0. 0 
0. 005'K 
0.060" 
0. 006" 
0. 050* 

0. 054" 
0.100 
0.200 
0.300 
0.400 
0. 500 
0.600 
0.700 
0.800 
0.900 
1.000 
1.100 
1 .200 
1. 2 2 2 w  

0. 009::: 

. :x :x 

1.300 
1 .400 
1. 447:k* 

1. 370::::: 

1 .500 
1 .600 
. :# :; 

Max X = 1.228 
Max X = 1.456 
Max X = 1.684 

Suction 
Y 

0.410 
0.430 
- 
- 
- 
- 
- 

0. 591 
0.699 
0. 768 
0. 804 
0. 812 
0.797 
0.750 
0.674 
0. 576 
0 .455 
0.316 
0. 162 
0.127 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.100 - 
- 

ub 
P res su re  

Y 

- 
- 

0.376 
- 
- 
- 
- 

0.396 
0.439 
0.472 
0.490 
0.495 
0.486 
0 .461  
0.416 
0.348 
0.250 
0.126 
- 
- 

0.067 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

I 
! I  
" 

" 

- 

F 
Suction 

Y 

0.444 
- 
- 

0.463 
- 
- 
- 

0. 587 
0.688 
0.758 
0. 801 
0. 824 
0.829 
0.814 
0. 780 
0.725 
0.648 
0.555 
0.451 
- 
- 

0.332 
0.195 
0.128 
- 
- 
- 
- 
- 
- 

0,100 
- 

2 an 
P res su re  

Y 

- 
- 
- 
- 

0.407 
- 
- 

0.425 
0.461 
0.489 
0. 507 
0. 517 
0. 518 
0. 505 
0.474 
0.429 
0.370 
0.299 
0. 217 
- 
- 

0.130 
- 
- 

0.064 
- 
- 
- 
- 
- 
- 
- 

Suction 
Y 

0.475 - 
- 
- 
- 

0. 500 
- 

0.607 
0.696 
0. 754 
0.797 
0. 827 
0. 842 
0. 845 
0. 833 
0. 805 
0.760 
0. 701 
0.624 
- 
- 

0.534 
0.435 
- 
- 

0.328 
0. 217 
0 .131  
- 
- 
- 

0.100 

Tin - 
Pressure  

Y 

- 
- 
- 
- 

- 
0.438 
0.454 
0.483 
0. 505 
0. 517 
0.522 
0. 517 
0. 509 
0.491 
0.465 
0.434 
0.394 
0.344 
- 
- 

0.285 
0.218 
- 
- 

0.145 
- 
- 

0.064 
- 
- 
- 

*Points  tangent  to  leading  edge  radius:  tlh = 0. 040 in., tl, = 0. 040 in., 

'"Points tangent  to  trailing  edge  radius:  teh = 0. 050 in., tern = 0. 050 in., 
tlt = 0. 040 in. 

tet = 0. 050 in. 
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Table XIX. 

Suction  surface.diffusion  parameters  for  tandem  .blade. 
- ~~ 

Primary  blade Secondary  blade 
W - 

W T J p t e  2 r  DSS e) m ax w c r  )st e DsP >,ax 

- - 

Hub 

0.232  0.845 0.649 0.185 0.883 0.720 T ip 
0.221 0. 915 0.713 0.150 0. 853 0.725 Mean 
0..226 1.047 0. 8 1  0.114 0.942 0. 835 

Table XX. 

Tandem  blade  design  data. 

Units 

in. 

in. 

in. 

in. 

in. 

in, 

degrees 

degrees 

degrees 

Hub 

1.2290 

1.01267 

1.213 

0.030 

0. 0175 

0. 05 

0. 0175 

36.08 

46.85 

15. 0 

0.703 

1. 047 

0.799 

Mean 

1.4555 

1.22967 

1.185 

0.030 

0.0175 

0. 05 

0. 0175 

41.66 

42.05 

15. 0 

0.623 

0.915 

0.707 

Tip 

1.6835 

1.44678 

1.164 

0.030 

0.0175 

0. 05 

0. 0175 

46.37 

37.80 

15. 0 

0.572 

0.883 

0.647 
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Table XXI. 

Tandem  blade  section  coordinates. 
- - " . . . 

X 
. .  - . . 

Min X = 0.0 
0.002* 
0,. 052* 
0.005* 
0. 050" 

0. 045" 
0.10 
0. 20 
0. 30 
0. 40 
0. 50 
0. 60 
0. 70 

0. 707" 
0. 80 
0. 815*" 

0. 90 
0. 905'" 
0. 888*' 

0. 010:: 

0. 727:';:: 

0. 7g2:k# 

Max X = 0. 731 
Max X = 0.82 
Max X = 0. 912 
Min X = 0.30 
Min X = 0.35 
Min X = 0.407 

0.316t 

0.362t 
0.401t 

0.354t 

0.435f 
0.45 t 
0. 40 

Suction 
Y 

0.878 
0.892 - 
- 
- 
- 
- 

1.032 
1.106 
1.141 
1. 147 
1.126 
1.079 
1.004 
0.980 
- 
- 
- 
- 
- 
- 
- 

0.970 
- 
- 

0.774 
- 
- 

0. 811 
- 
- 
- 

- 
0. 857 

Y 

- 
- 

0.858 - 
- 
- 
- 

0.914 
0.994 
1.037 
1.053 
1.044 
1.012 
0.961 

0.955 
- 

- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.723 
- 
- 
- 
- 

0.725 

n 
Suction 

Y 

1.057 - 
- 

1.074 
- 
- 
- 

1.175 
1.224 
1.250 
1.259 
1. 251 
1.223 
1.173 
- 
- 

1.100 
1.087 
- 
- 
- 
- 
- 

1.078 
- 
- 

0.829 - 
- 
- 

0.862 
- 
- 
- 

0. 898 

:an 
P res su re  

Y 

- 
- 
- 

1.033 
- 
- 

1.069 
1.124 
1.158 
1.175 
1.172 
1.150 
1,110 
- 
- 
- 
- 

1.056 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.779 
- 
- 
- 

Suctior: 
Y 

1.158 - 
- 
- 
- 

1.180 

1.197 
1.271 
1.310 
1.326 
1.326 
1.310 
1.280 
- 
- 

1. 237 
- 
- 

1.185 
1.184 
- 
- 
- 

1.169 
- 
- 

0. 912 
- 
- 
- 
- 

0.958 - 
- 

' ip 
P res su re  

Y 

" 

- 
- 
- 
- 

1.132 
1.098 
1.162 
1.207 
1.234 
1.243 
1.237 
1.218 
- 

1.187 
- 
- 
- 
- 

1.153 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0. 863 
- 
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Table XXI. (conl:) 

X 

0. 50 
0. 60  
0. 70 
0. 80 
0. 90 
1. 00 
1.10 
1.20 
1 .227t  1 
1 . 1 9 8 t l  
1. 30 
1. 40 
1. 453t  1 
1.425t  1 
1. 50 
1. 60  
1 . 6 8 t t  
1. 653f  f 

Max X = 1.229 
Max X = 1.456 
Max X = 1.684 

Suction 
Y 

0.867 
0.843 
0.793 
0.712 
0. 596 
0.467 
0.322 
0.156 
0.108 - 
- 
- 
- 
- 
- 
- 
- 
- 

0.100 
- 
- I 

ub 
Pressure  

Y 

0.716 
0.678 
0.615 
0.529 
0.431 
0.321 
0.206 
- 
- 

0.089 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

-r 
I 

Suction 
Y 

0.938 
0.934 
0. 896 
0. 838 
0.762 
0.670 
0.566 
0.452 - 
- 

0.327 
0.188 
0.111 
- 
- 
- 
- 
- 
- 

0,100 
- 

3 an 
P res su re  

Y 

0.773 
0.749 
0.708 
0.650 
0. 578 
0.495 
0.405 
0.310 - 
- 

0.214 
0.115 

0.088 
- 

- 
- 
- 
- 
- 
- 
- 

Suction 
Y 

0.975 
0 .975 
0.949 
0.907 
0.853 
0. 790 
0.714 
0.629 
- 
- 

0.536 
0.434 

- 
0.328 
0.211 
0.109 
- 
- 
- 

0.100 

' ip 
P r e s s u r e  

Y 

0.858 
0. 840 
0.807 
0.757 
0.697 
0.627 
0. 552 
0.473 - 
- 

0.390 
0.306 - 
- 

0.220 
0.134 

0.088 
- 
- 
- 
- 

4. 
"'Points  tangent  to  leading  edge  radius: t$,h = 0. 030 in., tlpm = 0. 030 in., 
tlpt = 0. 030 in. 

0. 0175 in.,  tept = 0. 0175 in. 

tlst = 0. 050 in. 

0. 0175 in., test = 0. 0175 in. 

'!c'KPoints tangent  to  trailing  edge  radius:  teph = 0. 0175 in.,  tepm - - 

t Points  tangent  to  leading  edge  radius:  tlsh = 0. 050 in.,  tlsm = 0. 050 in., 

t t  Points  tangent  to  trailing  edge  radius: te,h = 0. 0175 k.,  te,, - - 
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Table XXII. 

Blade  force  analysis. 

Section 

Plain  blade 
Hub 

PI4 

Tip f 
Jrt flap w i t h o u t  jei 
Flub 0 

f /‘I 

T i p  P 
Je t  flap w i t h  jet 
Huh 0 

e /  4 

Mean 112 
3 PI4 

Tip  .P 
Tandem p r i m a r y  
H u b  U 

PI4 

Mean 1 1 2  
3 114 

Tip P ’ 

Tandem  secondary 
n u b  n 

e14 

Mean 112 
3 114  

Tip f 

IJnit 
force, 
F/SO/I 

G. 541 
fi. nor, 

6 .  i i 7  
6 . 7 4 0  

6 . 4 6 ?  

6.  274  
6 .  400 

I;. 6 2 2  
7. 02(1 

7 . 7 7 0  

R .  636 
8 . 7 7 4  

9 . 0 4 4  
9. 339  

9. G 7 S  

2 .227  
2 . 2 6 1  

2 . 2 7 3  
2. 276 

2. 271 

4 . 3 1 2  
4. 02 

3 . 7 9 8  
3 .  6 8 5  

3 . 7 7 0  

X coord 
of load 
point 

0.5f3H 
n. 560  

0. 542 
0 .  ,538 

n. 5 3 2  

0. 577 
0. f i22 

0. 6G7 
0. 71 3 

0 . 7 5 9  

0. 71 I 
0 . 7 0 5  

0 .812  
0. 8 5 8  

0. 902 

0. 2!12 
0 .924  

0. 338  
n. 343  

0. 342  

0 .723  
0 .704  

0 . 7 1  2 
0 .774  

0 . 9 2 2  

Y coord 
of load 
point 

0 .  646  
Press .  
surface 
0 . 6 3 2  
Press. 
slxrfacr 
0. 7 2 n  

(1.  4D2 
Fress. 
surface 
0.  5 1  6 
Press.  
surface 
0. 463  

9 . 4 6 0  
Press. 
surface 
(1. 469 
Press. 
surface 
0. 452 

I .  045  
Press. 
sur.f;we 
1 . 1 7 0  
Press .  
surface 
1 . 2 1 7  

n. 596 
P res s .  
surface 
0.700 
Press. 
surface 
n. 679  

Axial 
force,  
Fx IS 0 

0 .974  
1.  43(i 

0 .  997 
0. 584  

!I. n w  

n. 6 6 1  
1 .  4!)2 

1 .  713 
1 . 9 8 8  

I .  202 

2. on1 
3.   940 

3.  940 
3. 980 

2. u 2 5  

-0.  1882 
-0 .025  

0 .0164  
- n. 070  

- 0 . 1 3 4 3  

1 .  529  
2 . 4 5 5  

2. 186  
2 .120  

1 .084  

Tangcntial 
force. 
FY 1s (1 

3. 54R 
7 . 5 2 0  

7 . 5 5 9  
7.   560  

3 .  l i34 

3 .467  
7.  040 

7 . 2 5 0  
7 . 6 5 0  

4. zoo 

4 .426  
9 .050 

9 . 3 8 1  
9. 723 

5. n51 

1.  239 
2 . 5 3 7  

2 .557  
2. 556 

I .  270 

1. 882 
3 .700  

3 . 6 7 2  
3 .657  

1 . 8 2 8  

Total 
force, 

r ; l S ( )  

3 .  6 7 9  
7.  f i5f i  

7. r;24 
7 .  583 

:i. 635  

3 .  52!1 
7. 190 

7. 45(J 
7 . 9 0 0  

4.   370 

4 . 8 5 7  
9. R70 

1 lt. 1 7 5  
In. 506 

5. 442 

1. 2 5 3  
2 . 5 3 7  

2.557 
2 .557  

1 . 2 7 7  

2 .426  
4 . 4 3 0  

4 . 2 7 3  
4. 227  

2 .125  

Angle of 
action 

(degrees) 

1 0 5 . 4  
1 on. 4 

97. 5 
n4.  4 

01. 5 

IIIO. R 
102 .  1 

103. 3 
104.6 

106.0  

114. 9 
1 1 3 . 5  

1 1 2 .  u 
1 1 2 . 2  

111.9 

89. 1 
0 0 .  4 

90. 6 
go. 2 

89. 4 

129. 1 
1 2 3 . 1  

120 .  8 
1 2 0 . 1  

120 .7  
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Table XXIII . 
Stress   analysis   resul ts   for   blades in a  cantilevered  condition. 

Plain 
Tangential jet 1 
Tangential  jet 2 
Jet  flap 
Tandem 
(cantilevered) 

Pr imary  
Secondary 

Max  bending I First mode I 
stress at hub 

Axial I Tangential (psi) 
Tip  deflection  (in.) 

4, 387 
8,419 
7, 956 

12,799 

20, 386 
5,384 

399.5 
447.1 
464.3 
514.0 

193.3 
201.8 

0.0017 
0.0039 
0.0035 
0.0016 

0.0047 
0.0063 

0.0049 
0 .0091 
0.0083 
0.0100 

0. 0513 
0.0098 

Table XXW. 

Stress  analysis  results  for  tandem  blade  configuration 
in fixed end condition. 

I Type 

T  andem 
(fixed  end) 

Pr imary  
Secondary 

Max bending 
s t ress   a t  hub 

(psi) 

393 1 
2860 

First mode 
frequency I Max  deflection  normal I 
-1 (cps)  to I,in axis  (in.) 

0.00126 
1307 I 0.0007 I 
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Table XXV. 

Plain and vortex  generator  blades-static  pressure  tap  locations; 

Lower  blade 
" 

Tap 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14  
15 
16 
17 
18  
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30  
3 1  

- 

- 

- -~ - 

Axial 
location 

(in.) 

0.150 
0. 540 
0. 710 
0. 850 
0.980 
1. 090 
1.200 
1.300 
0,100 
0.180 
0. 290 
0.400 
0. 530 
0.620 
0.720 
0.875 
1.020 
1.160 
1. 295 
1.420 
1. 540 
0.150 
1.350 
0.150 
0.450 
0.680 
0. 890 
1.090 
1.270 
1.445 
1.610 

. " 

Section 

Hub 
"" - - 

7 
Mean 

T 

Surface 
~ ~~ 

Suction 

7 
Pressu re  

Suction 
+ 

t 

- 
TaI: 
No. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 
47 
48  
49 
50 

- 

- 

Upper  blade 

Axial 
location 

(in.) 
~~ _____ 

0.150 
0.400 
0. 790 
1.110 
0. 530 
0.720 
1.020 
0. 015 
0.150 
0.370 
0.590 
0.800 
0.990 
1 .175 
1.350 
0.300 
0.660 
1.005 
1.330 

Section 

Hub 

1 
Mean 

t 
Tip 

1 

Surface 

P r e s s u r e  

1 
Suction 

1 Pressu re  

f 
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Table XXVI. 

Tangential  jet  slot  location No. 1-static pressure  tap  locations.  

Tap 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
1 4  
15 
16 
17 
18  
19  
20 
21  

22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  

- 

- 

Lower blade 

Axial 
location 

(in.) 

0.150 
0.420 
0.685 
0.830 
0.965 
1.080 
1.195 
1.300 
0.100 
0.180 
0.290 
0.400 
0.510 
0.800 
0.945 
1.080 
1.205 
1.320 
1.430 
1.540 
1. 25 
(int) 
0.150 
1.350 
0.150 
0.450 
0.570 
0.860 
1.055 
1.240 
1.420 
1.590 

Section 

b 

!an 

Surface 

Suction 

I 
Pressure  

1 
Suction 

t 

t - 
Tap 
No. 

32 
33 
34 
35 
36 
37 
38 

39 
40 
41  
42 
43 
44 
45 
46 
47 
48  
49 
50 

- 

- 

Upper  blade 

Axial 
location 

(in.) 

0.150 
0.400 
0. 790 
1.110 
0. 510 
1.080 
0. 25 
(int) 
0.015 
0.150 
0.370 
0. 590 
0. 800 
0 ,990 
1.175 
1.350 
0.300 
0.660 
1 .005 
1.330 

Section 

Hub 

1 
Mean 

T 

Surface 

Pressure  

1 
Suction 

P res su re  
I 

f 
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Tap 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14  
15 
16 
17 
18 
19 
20 
21  

22 
23 
24 
25 
26 
27 
28 

- 

29 
30 

Lower  blade 

Axial 
location 

(in.) 

0.150 
0. 270 
0.400 
0. 540 
0.710 
1. 065 
1.180 
1.295 
0.100 
0.180 
0.290 
0.400 
0. 530 
0.675 
0. 810 
1. 070 1. 190 
1.305 
1.425 
1. 540 
0.  3 
(int) 
0.150 
1 .350 
0.150 
0.450 
0.680 
0. 890 
1.320 
1.470 
1.610 

." 

Section 

Hub 

M\ an 

T 

Surface 

Suction 

P r e  

SUC til 

sur  e 

on 

=c_ 

Tap 
No. 

3 1  
3 2  
33 
34  
35  
36 
37 
38 

39 
40  
41  
42 
43 
44 
45 
46 
47 
48  
49  
50 

~~ 

Upper  blade ~. 

Axial 
location 

(in.) 

0.150 
0.400 
0. 790 
1.110 
0. 530 
0.675 
1.070 
0.  3 
( int 1 
0 .  015 
0.150 
0.370 
0. 590 
0.800 
0.990 
1.175 
1. 350 
0.300 
0.660 
1.005 
1.330 

Section 

Hub 

1 
Mean 

r 
Tip 

Surface 

P res su re  

1 
Suction 

1 
Pressu re  
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Table XXVIII. 

Jet flapped  blade- static pressure  tap  locations.  

Lower  blade Upper  blade - 
Tap 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21  

22 
23 
24 
25 
26 ' 
27 
28 
29 

- 

- 

Axial 
locatior 

(in.) 

0.185 
0.470 
0.625 
0.,765 
0.880 
0.980 
1.080 
1.170 
0.090 
0.170 
0.265 
0.350 
0. 510 
0.675 
0.830 
0.975 
1.100 
1.215 
1.325 
1.420 
0. 3 
(int) 
0.320 
0.655 
0.825 
0.985 
1.130 
1. 270 
1.390 
1.510 

Axial 
location 

(in.) 

0.255 
0.575 
0 .875 
1 .100 
0.350 
0.675 
0 .975 
1. 215 
1.420 
0. 015 
0.017 
0.380 
0.600 
0. 810 
1. 000 
1.180 
1.340 
0. 3 
(int) 
0.420 
0. 790 
1.130 

. " 

TaF 
No. 

30 
3 1  
32 
33 
34 
35 
36 
37 
38  
39 
40  
4 1  
42 
43 
44  
45 
46 
47 

48  

- 

49 ' 
50 

Section Surface 

Suction 

Section 

Hub 
. 

1 
Mean 

1 
Tip 

Surface 

P r e s s u r e  

J 
Suction 

Hub 

1 
Mean 

v 
Tip 

1 

Prc sure  ?S; 

T 
sure 

Suction 
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Table XXLX. 

Tandem  blade  static pressure tap locations. 

- 
, Tap 
No. 
7 

1 
2 
3 
4 
5 
6 
7 

9 
10 

I 11 

a 
- 

~ 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

- 

28 
29 
30 
31 
32 

L 
Axial 

location 
(in. ) 

0.050 
3.220 
0.444 
0.650 
0.380 
0.637 

1.010 
1.160 
0.050 
0.220 
0.415 
0.610 

0. a42 

0.780 
0.358 
0.400 
0.577 
0.752 
0.910 
1.050 
I. 180 
1.298 
1.410 
0.050 
0.270 
0.540 
0.800 
0.500 

1.090 
1.330 
1.555 

0. a1 o 

u e r  blad 

Section 

t H  Mean 

L Tip 

I 

Primary  suct ion 

Primary  suct ion 

t 
Secondary  suction 

1 
Primary  suct ion 

Secondary  suction 

T 

Tap 
No. 

33 
34 
35 
36 
37 

39 
40 
41 
42 
43 
44 
45 
46 
47 

- 
3 a. 

- 
4 8  
49 
50 - 

U 
Axial 

location 
(in.) 

0.230 
0.550 

0.900 
0.050 
0 . 2  14 
0.3  96 

0.480 

0.580 
0.750 
0.400 
0.623 

1.000 
1.170 
1.330 
0.300 
0.550 
1.250 

0. a20 

ler blade 

i 
1 

t 

Mean 

L 
Tip 

Surface 

P r imary   p re s su re  

Secondary  pressure 
L 

--"-- 
Pr imary   p re s su re  

4- 
i 

Secondary  pressure 

P r imary   p re s su re  
Secondarypressure 
; 



Station  Station 
3 4 
b - 2  in.+ 
I I 

I I 
Primary flow I 
inlet I 

I 

Station 0 I 1  

(a) Flow path  schematic 

Station 0 

t"" 

IT= -"" "4 

(b) Axial station 
nomenclature 

5315-56 

Figure 1.  Flow path  schematic  and  axial  station  nomenclature. 

74 



Hub 

Mean 

Wcr = 0.103 

WU 

WCr 
- 

W 

Wcr 
2 = 0.414 

w = 0.623 

W U  

Wcr 
- 

wx 
Wcr 
-= 0.414 

- = 0.512 
wu 

wu = 0.414 
Wcr 

Stator in  

Station 0 

W x = 0.412 !!E- = 0.455 

Wcr 

= 0.566 

. \  I 

- = 0.463 wx WX = 0.455 
Wcr .c  r 

49.52"  49.98" 1 

W !!E- = 0.455 

0 

= 0.841 
wcr c 0.649 

Wcr 

Stator throat 

Stations 1 and 2 

Stator out 

Freestream 
Station 4 

= 0.658 

= 0.542 

= 0.460 

5315-1 

Figure 2 .  Stator velocity  diagrams  for  zero secondary flow. 
(See Table I) 
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15. 

14. 

11. 

10. 

5315-2 

Figure 3. Elevation view of plain  blade  configuration. 
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Axial location-in. 5315-3 

Figure 4. Plain blade surface velocity distribution. 
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 
Blade  surface  location-in. 5315-4 

Figure 5. Plain  blade  suction  surface  static  pressure  distribution. 



Tip  section 

Figure 6. Plain stator blade profiles. 
See Table 11. 
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5315-6 
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0. 

0. 

Axial location- in. 5315-7 

Figure 8. Axial variation of boundary layer  thickness on plain blade. 



Axial location-in. 



Figure 10. Types of vortex generators mounted  on plain blade configuration. 
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1 A 
h 4 Co-rotating  vane - n Counter-rotating  vane 

~h 7 Triangular plow 

Point  where  adverse 
Zero  pressure + + pressure  gradient  begins 

n of separation 
with vortex  generators 

Calculated  boundary  layer  thickness 

0 2 4 6 8 10 12 

Flat plate length-ft 
5315-10 

Figure 11. Comparison of vortex  generator  range (from reference 5). 
(See Table X) 



Hub section \ \  

5315-71 \ 
Figure 12. Plain blade configuration  fitted with co-rotating vane vortex  generator. 

See  Table V. 
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Vane height = 0.015 in. 
Vane length = 0.060 in. 
Vane thickness = 0.005 

Tip . 

44 co-rotating 
vanes  spaced  on 
0.100 in. pitch i 

in. 

Mean - q .  . 100 - Flow 

I - I  

5315-69 

Figure 13. Plain blade  configuration  fitted  with  co-rotating  vane  vortex  generator. 
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1 

5315-13 

Figure 14. Triangular plow configuration. 



Tip  section 

Mean  section 

Figure 15. Plain blade  configuration  fitted with triangular plow vortex  generator. 
See Table VI. 
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21 triangular plows 
spaced on 0.20 in. pitch 

Mean - 

Hub -m” 

Plow length = 0.060 in. 

p l* 820 -“lc 0.22 
Tip __ 

- 

t 

L 

7” I o*200 
0.040 - 

c 

P 

c 

D 

- Flow 

10.50 

5315-68 

Figure 16.  Plain  blade  configuration  fitted with counter-rotating 
triangular plow vortex  generator. 
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3. 

2. 

L 

.rl 
0 
0 

cd 
k 
a, 
5 

8 
m 1. m 
a, 

u 
cd 
m 
m 
a, 
k 
* 

.rl 
U 

0 

a, 1. 

P 

'se 
ASA 

0. 

0 0.5 1.0 1. 5 2.0  2.5 
Core  to  mainstream  total  pressure  ratio 
required  to  negotiate  adverse  pressure 
ratio, 'Ti 

PTss 5315-16 

Figure 17. Adverse  static  pressure  ratio  correlation  for one injection  slot, 
interpreted  from D. J. Peake's  (reference 6) data. 
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Figure 18. Tangential jet slot No. 1 parameters for hb = 0.020 in. 
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Figure 19. Tangential  jet  slot No. 1 parameters  for hb = 0.030 in. 
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Figure 20. Tangential jet slot No. 1 parameters  for hb = 0.040 in. 
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Figure 22. Tangential jet  slot No. 2 parameters for hb = 0.020 in. 
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Figure 23. Tangential  jet  slot No. 2 parameters  for hb = 0.030 in. 
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Figure 24. Tangential jet  slot No, 2 parameters  for hb = 0.040 in. 
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Figure 26. Slot  location  dimensions for tangential jet flowing blades. 
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Tip  section 

Hub section \? 

Figure 27. Tangential  jet blowing slot  location 1 blade  profiles  and  passages. 
See  Tables VII, VIII, XI, and XII. 
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Tip  section Y 

Figure 28. Tangential jet blowing slot  location 2 blade profiles and passages. 
See  Tables M, X, XI, and XII. 
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Figure 29. Variation of average  jet.momentum  with  average  slot width  and 

secondary air pressure.  
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Figure 30. Jet-flapped blade nomenclature. 
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Figure 31.  Jet-flapped  blade  downstream  velocity  triangles  with 4.4% jet flow. 
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Figure 32. Variation of downstream  gas  angle as a function of 

percentage of jet to  mainstream  flow. 
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Figure 33. Variation of primary  stream  deflection with jet  momentum 

coefficient  and  jet  efflux  angle. 
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Figure 34. Jet-flapped  blade  midchannel  mean  section  throat  velocity  triangle. 
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Figure 35. Jet-flapped  blade  graphical  solution of jet deflection 

angle at the  mean  section. 
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Figure  36. Jet-flapped blade variation of  hub and tip midchannel throat relative 
velocities as a function of jet momentum coefficient. 
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Figure 37. Jet-flapped  blade  radial  variation of  throat  dimension 
to  blade  spacing ratio. 

110 



. .  Axial  location-in. 5315-37 

Figure 38. Jet-flapped  blade critical  velocity  distribution  without  jet flap. 
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Figure 39. Jet-flapped blade suction  surface  incompressible boundary layer shape 
factor without jet  flap. 
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Figure 40. Jet  flap  contours  for  various  jet momentum  coefficients  and jet efflux  angles. 
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Figure 41. Jet-flapped  blade hub section  suction  surface  velocity  distribution  with  and  without 

jet flap  based on two-dimensional  incompressible  solution. 
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Figure 42. Jet-flapped blade mean  section  suction  surface  velocity  distribution with and 

without jet  flap based on two-dimensional  incompressible  solution. 
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Figure 43. Jet-flapped  blade  tip  section  suction  surface  velocity  distribution with and  without 

jet  flap  based on two-dimensional  incompressible  solution. 
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Figure 44. Jet-flapped  blade  hub  section  surface  velocity  distribution  with 

and  without jet flap  based on quasi  three-dimensional  compressible  solution. 
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Figure 45. Jet-flapped blade  mean section  surface  velocity  distribution with  and  without 

jet flap  based on quasi  three-dimensional  compressible  solution. 
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Figure 46. Jet-flapped  blade  tip  section  surface  velocity  distribution with and  without jet flap 

based on quasi  three-dimensional  compressible  solution. 
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Figure 47. Jet-flapped  blade  incompressible boundary layer shape factor with jet flap. 
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Figure 48. Plain  blade hub section  surface  static  pressure  distribution based on two- 
dimensional incompressible solution. 
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Figure 49. Plain blade mean section  surface  static  pressure  distribution  based on 
two-dimensional  incompressible solution. 



Figure 50. Plain blade tip  section  surface  static pressure distribution based on 
two-dimensional incompressible solution. 
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Figure 52. Jet-flapped  blade mean section  surface  static  pressure  distribution with and 

without jet flap based on two-dimensional incompressible solution. 
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Figure 53. Jet-flapped  blade  tip  section  surface  static  pressure  distribution with and 

without  jet  flap  based on two-dimensional  incompressible  solution. 
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Figure 54. Jet-flapped  blade  profiles and passages. 
See Tables XIII through XXIII. 
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Figure 56. Effect of flow distribution  and  primary  airfoil  trailing  edge  location on critical 
velocity ratio  level  for  tandem  blade. 
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Figure 58. Tandem  blade mean section  surface  velocity  distribution. 
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Figure 60. Tandem  blade primary airfoil suction surface incompressible 

edge 
r points 

boundary layer shape factor. 
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Figure 61. Tandem blade secondary  airfoil  suction  surface  incompressible boundary layer 

5315-67 0 

shape  factor. 
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Figure 62. Tandem  blade profiles and  passages. 
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Figure 63. NASA turbine cascade  assembly. 
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Figure 64. Inlet assembly  straightener  for  annular  cascade rig. 
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Figure 65. Boundary layer bleed total pressure  rake  design  details. 
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Figure 66. Inlet  total pressure  probe. 
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Figure 67. Instrumented plain  blade. 
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Figure 68. Plain  and  vortex  generator  blade  static  pressure tap distribution. 
See  Table XXV. 
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Figure 70. Tangential jet blowing slot location 2 blade static  pressure  tap  distribution. 
See Table XXVII. 
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Figure 71. Jet-flapped  blade  static  pressure  tap  distribution. 
See  Table XXVIII. 



1 

Hub section Mean section  Tip  section 

5315-82 

Figure 72. Tandem  blade  static  pressure  tap  distribution. 
See  Table XXM. 



Figure 73.  Exit wake survey  bifurcated  total pressure  probe. 
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Figure 74. Downstream wake survey total temperature,  total pressure, 
and gas flow angle prism probe. 
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Figure 75. Schematic of flow analysis model. 
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Figure 76. Flow coefficient versus slot width. 
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Figure 7 7 .  Working  curves  for  tangential  jet  blade  slot  location 1 - hub  section. 
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Figure 78. Working  curves for tangential  jet  blade  slot  location 1 - mean  section. 
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Figure ?9. Working curves for  tangential  jet  blade  slot  location 1 - tip  section. 
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Figure 80. Working  curves for tangential jet blade slot location 2 - hub  section. 
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Figure 81. Working curves for tangential  jet  blade  slot  location 2 - mean  section. 
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Figure 82. Working  curves for tangential jet blade slot location 2 - tip  section. 
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